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1.  INTRODUCTION: 

The  serine  protease,  Kallikrein-related  peptidase  4  (KLK4),  is  a  rational  therapeutic  target  for 
prostate  cancer  (PCa)  as  it  is  up-regulated  in  both  localised  and  bone  metastatic  cancerous 
tissue,  and  is  an  independent  biomarker  discriminating  between  benign  and  malignant 
prostate  tissue  [1,2].  KLK4  has  been  reported  to  increase  PCa  cell  proliferation,  induce  an 
epithelial  to  mesenchymal  transition  (EMT)-like  response  in  PC3  PCa  cells  [4],  and  could  have 
a  role  in  PCa  "homing”  to  bone  [5].  Recently,  my  co-mentor  Distinguished  Professor  Judith 
Clement  showed  that  KLK4  regulates  the  transforming  growth  factor  (TGF)-(B  pathway  in  the 
tumor-stromal  microenvironment  by  cleaving  a  number  of  TGF-(3  extracellular  matrix  binding 
partners;  thus  regulating  the  bioavailability  of  TGF-(3  (Fuhrman-Luck  et  al,  unpublished),  a 
cytokine  that  drives  PCa  growth,  bone  homing,  EMT  and  immune  suppression  [6].  We 
therefore  hypothesize  that  blockade  of  KLK4  activity  will  inhibit  PCa  growth  and  prevent 
metastasis  to  secondary  sites  like  bone.  This  project  aims  to  develop  a  novel  therapeutic 
strategy  targeting  KLK4  specifically  in  PCa.  KLK4  siRNA  is  incorporated  into  a  novel  drug- 
delivery  platform  currently  in  development  by  my  mentor,  Prof  Pamela  Russell  with 
collaborators  from  the  Australian  Institute  of  Bioengineering  and  Nanotechnology  (AIBN), 
University  of  Queensland.  In  this  drug-delivery  system,  the  KLK4  siRNA  is  conjugated  to  a 
hyperbranched  polymer  (HBP)  backbone,  which  is  also  attached  at  the  periphery  with  a  short 
peptide  that  binds  to  prostate  specific  membrane  antigen  (PSMA;  expressed  on  90%  of  PCa) 
for  prostate-specific  delivery  of  the  therapeutic  cargo  (Fig  1). 


2.  KEYWORDS: 

Kallikrein-related  peptidase  4  (KLK4),  nanotechnology,  polymeric  nanomedicine,  metastasis, 
prostate  specific  membrane  antigen  (PSMA)-targeting,  siRNA,  bone  metastasis,  imaging. 

3.  ACCOMPLISHMENTS: 

•  What  were  the  major  goals  of  the  project? 

Specific  Aim  1:  Synthesis  of  our  KLK4-targeting  agents  and  ethics  applications 
o  Task  1:  Synthesis  of  our  KLK4-targeting  conjugates  (in  progress) 
o  Task  2:  Obtain  animal  ethics  approval  (in  progress) 
o  Task  3:  Obtain  human  ethics  approval  (100%  complete) 

Specific  Aim  2:  Generation  and  characterisation  of  KLK4-expressing  PCa  cell  lines 
o  Task  1:  Transfection  of  PCa  cell  lines  with  KLK4  (100%  complete) 
o  Task  2:  Confirmation  of  KLK4  expression  by  transfectants  (100%  complete) 

Specific  Aim  3:  In  vitro  studies  to  assess  effect  of  KLK4-targeting  conjugates 
o  Task  1:  Determine  effects  of  KLK4-inhibition  on  PCa  cell  behaviour  and  EMT  (50% 
complete) 
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o  Task  2:  Study  effects  of  KLK4-blockade  on  PCa  homing  and  establishment  in  bone  (in 
progress ) 

Specific  Aim  4:  In  vivo  studies  to  assess  how  KLK4-targeting  affects  PCa  growth  and  bone 
metastasis 

o  Task  1:  Effect  of  KLK4  antagonism  on  incidence  and  growth  of  orthotopic  tumors  and  bone 
metastasis  in  mice  (yet  to  commence ) 

o  Task  2:  Studying  the  role  of  KLK4  in  PCa  homing  using  a  novel  human  engineered  model. 
(yet  to  commence ) 

•  What  was  accomplished  under  these  goals? 

Specific  Aim  1:  Synthesis  of  our  -KLK4-targeting  agents 
o  Task  1:  Synthesis  of  our  KLK4-targeting  conjugates 

In  collaboration  with  chemists  from  AIBN,  we  have  now  successfully  synthesised  and 
characterized  both  in  vitro  and  in  vivo  our  PSMA-targeting  hyperbranched  polymer  (HBP) 
basic  structure  (prior  to  KLK4  siRNA  attachment).  A  manuscript  covering  this  work  (Fuchs  & 
Tse  et  a/.)  was  recently  accepted  for  publication  in  the  journal  Biomacromolecules  (impact 
factor  5.75).  Since  a  high  targeting  efficiency  towards  PSMA  by  the  HBPs  is  fundamental  to  our 
PCa-targeting  therapeutic  approach,  a  significant  amount  of  my  research  activity  was  focused 
on  optimising  the  system  (hence  caused  some  delay),  but  we  have  now  successfully  achieved 
this.  HBPs  were  conjugated  with  one  of  three  distinct  ligands  that  bind  to  the  extracellular 
domain  of  PSMA;  1)  a  short  peptide  (from  Dr  Warren  Heston,  Cleveland  Clinic,  USA),  2)  the 
J591  antibody  (from  Dr  Neil  Bander,  Weill  Cornell  Medical  College,  USA),  and  3)  urea 
glutamate  (commercially  available).  We  sought  to  determine  which  of  these  polymers  ie  HBP- 
peptide,  HPB-J591,  HBP-GlutUrea,  or  HBP-control  (no  ligand)  has  the  best  PSMA-targeting 
efficiency,  and  be  subsequently  attached  with  our  KLK4  siRNAs.  All  HBPs  were  also  labelled 
with  the  fluorophore  Cy5.  Flow  cytometric  analysis  showed  that  HBP-peptide  and  HBP-J591 
were  internalised  into  PSMA-proficient  PC3/PIP-DsRed+luc+  cells  (abbreviated  as  PC3/PIP 
hereafter)  but  not  PSMA-deficient  PC3/FLU-DsRed+luc+  cells  (abbreviated  as  PC3/FLU)  via 
binding  to  PSMA  in  a  time  dose-dependent  and  time-dependent  manner  (please  see 
Appendices  section  for  full  manuscript  for  all  figures  and  methodology).  No  PSMA-mediated 
cell  internalisation  of  HBP-GlutUrea  or  HBP-control  was  observed.  These  findings  were 
confirmed  by  confocal  microscopy  (see  manuscript].  Since  the  HBP-peptide  showed  high 
specificity  for  PSMA,  and  as  a  smaller  molecule  as  compared  to  HBP-J591,  it  is  likely  to  have 
better  pharmacokinetics  in  vivo ;  hence,  we  performed  additional  experiments  with  this 
polymer.  In  vitro  competitive  binding  and  internalisation  assays  further  confirmed  that 
endocytosis  of  HBP-peptide  is  PSMA-mediated  (see  manuscript ).  This  was  demonstrated  using 
five  PCa  cell  lines;  PC3/P1P,  LNCaP,  C42b  cells  (all  PSMA-proficient)  and  PC3/FLU  and  DU145 
cells  (both  PSMA-deficient)  (see  manuscript ).  In  vivo,  HBP-peptide  injected  intravenously 
strongly  targeted  towards  pre-established  subcutaneous  PC  3/PIP  tumors  but  minimally  to 
PC3/FLU  tumors,  as  assessed  by  in  vivo  fluorescence  imaging  (see  manuscript ;).  These  results 
strongly  indicate  that  the  HBP-peptide  is  an  excellent  therapeutic  delivery  vehicle  to 
PCa  cells  (see  Figs  2  to  4  for  selected  experiments  from  the  manuscript  involving  HBP- 
peptide),  and  has  been  selected  to  be  attached  with  KLK4  siRNA  (see  page  7). 
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Fig  2.  Flow  cytometric  analysis  of  PC3-FLU  cells  (PSMA-deficient;  black  bars)  and  PC3-PIP 
cells  (PSMA-proficient;  red  bars)  incubated  with  HBP-peptide  or  HBP-control  across  multiple 
concentrations  and  time  points.  Analysis  was  performed  to  assess  Cy5  signal  in  cells  given  as 
the  geometric  mean  fluorescence  intensity  (MFI)  of  Cy5  of  the  entire  cell  population,  and  the 
percentage  of  cells  positively  stained.  n=3. 


Fig  3.  PSMA-mediated  endocytosis  of  HBP-peptide  and  was  confirmed  by  confocal 
microscopy.  PC3-FLU  and  PC3-PIP  cells  were  incubated  with  HBP-control  or  HBP-peptide  at 
0.2pM  for  120mins.  Confocal  microscopy  was  performed  to  assess  Cy5  signal  in  cells;  DAPI 
(nuclear),  DsRed  (cytosolic)  and  Cy5  staining  is  shown. 
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Fig  4.  (A)  A  representative  BALB/c  nude  mouse  bearing  subcutaneous  PC3-FLU  (left  flank) 
and  PC3-PIP  (right  flank)  tumors  injected  intravenously  with  HBP-peptide  and  Cy5 
localization  imaged  using  the  In-Vivo  Xtreme  instrument  at  1,  3,  and  6  days  post  injection.  (B) 
Box  and  Whiskers  plot  (mean;  min  to  max)  of  average  radiance  efficiency  (Cy5)  of  various 
tissues/organs  following  excision  48  h  post-injection  with  HBP-peptide  (n  =  4)  with  an 
accompanying  representative  fluorescence  image. 


The  overall  goal  of  this  project  is  to  develop  a  novel  therapeutic  system  in  which  KLK4  siRNA 
can  be  delivered  specifically  to  PCa  cells,  by  virtue  of  their  expression  of  PSMA,  to  inhibit 
KLK4-mediated  pro-tumor  mechanisms.  Two  siRNA  sequences  targeting  KLK4,  siKLK4(A)  and 
siKLK4(B),  were  purchased  from  Ambion,  Life  Technologies.  Transfection  of  KLK4- 
overexpressing  PC3/PIP  cells  ( see  page  9  for  details  regarding  the  generation  of  this  cell  line ) 
with  siKLK4(A)  or  siKLK4(B)  significantly  reduced  KLK4  mRNA  levels  by  75-80%  relative  to 
siControl  treatment  (Fig  5).  From  experience,  this  level  of  knock-down  is  typical  from  siRNA 
treatment,  and  could  be  sufficient  to  induce  changes  in  cellular  function.  siKLK4(A), 
siKLK4(B)  and  siControl  are  currently  being  conjugated  onto  HBP-peptide  by 
collaborators  from  AIBN.  siRNA  sequences  are  shown  in  Table  1,  and  KLK4  qRT-PCR 
primers  in  Table  2. 
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Fig  5.  Demonstration  of  KLK4  knock-down  following  transfection  of  PC3/PIP-KLK4  cells  with 
siKLK4(A)  or  siKLK4(B)  using  RNAiMAX  reagent  (Life  Technologies)  across  a  range  of 
concentrations  for  48  hours,  as  determined  by  qRT-PCR. 
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Table  1.  siRNA  information. 


Sense  (5’=>3’) 

Antisense  (5’=>3’) 

siControl  #1 
(Cat#  AM4611,  Ambion) 

Sequence  not  available 

Sequence  not  available 

siKLK4(A) 

GAAGGACUCCUGCAACGGUtt 

ACCGUUGCAGGAGUCCUUtg 

siKLK4(B) 

GU  GGAUAG  AGAAAAC  C  GU  Ctt 

GACGGUUUUCUCAUCCACtc 

Table  2.  KLK4  primer  sequences  for  qRT-PCR. 


Sense  (5’=>3’) 

Antisense  (5’=>3’) 

KLK4 

GAGGGCAAGACCAGAAGGACT 

TTTCCGAAAGACACAAGGCC 

RPL32  (reference) 

GCACCAGTCAGACCGATATG 

ACTGGGCAGCATGTGCTTTG 

o  Task  2:  Obtain  animal  ethics  approval 

Animal  ethics  approval  is  currently  in  the  process  of  being  obtained.  Approval  is  expected  to 
be  granted  in  two  months. 

o  Task  3:  Obtain  human  ethics  approval 

Human  ethics  for  using  bone  tissue  from  patient  donors  have  been  obtained.  The  QUT  human 
ethics  approval  number  is:  1400001024.  The  study  title  is  “Investigating  the  biology  of  human 
join  tissue". 

Specific  Aim  2:  Generation  and  characterisation  of  KLK4-expressing  PCa  cell  lines 
o  Task  1:  Transfection  of  PCa  cell  lines  with  KLK4. 

PC3/PIP  (PSMA+),  PC3/FLU  (PSMA-)  and  C42b  (PSMA+)  cells  (all  negative  for  KLK4  protein) 
were  stably  transfected  with  the  pRc/RSV-full  length  KLK4  plasmid  (full  length  KLK4)  or  the 
pRc/RSV  plasmid  (empty  vector),  provided  by  Prof  Viktor  Magdolen  (Technical  University  of 
Munich,  Germany).  Briefly,  3x10s  cells  seed  in  6-well  plates  were  transfected  with  500ng  of 
plasmid  DNA  using  Lipofectamine  reagent  (Life  Technologies),  and  selection  for  transfectants 
began  72  hours  post-transfection  with  G418  antibiotic  at  lmg/mL. 


o  Task  2:  Confirmation  of  KLK4  expression  by  transfectants 

Stable  over-expression  of  KLK4  mRNA  by  PC3/PIP-KLK4  cells  and  C42b-KLK4  was 
demonstrated  by  qRT-PCR  (Fig  6A).  PC3/PIP-KLK4  cells  have  ~  120,000-fold  higher 
expression  of  KLK4  mRNA  as  compared  to  PC3/PIP-Vec  cells.  In  contrast,  C42b-KLK4  cells 
have  ~3-fold  greater  KLK4  transcript  levels  than  C42b-Vec  cells.  KLK4  protein  was  detected 
by  western  blot  in  the  conditioned  media  (CM)  of  PC3/PIP-KLK4  cells  but  not  C42b-KLK4  (Fig 
6B).  Since  KLK4  protein  was  detectable  only  in  PC3/PIP-KLK4,  the  PC3/PIP  model  was 
primarily  used  in  subsequent  functional  assays. 
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Fig  6.  A)  Over-expression  of  KLK4  mRNA  levels  by  PC3/PIP-KLK4  and  C42b-KLK4  cells  was 
confirmed  by  qRT-pCR,  but  KLK4  protein  was  only  detectable  in  CM  of  PC3/PIP-KLK4.  B)  The 
CM  was  prepared  culturing  3  million  tranfectant  cells  in  serum-free  media  in  T75  flasks  for  48 
hours.  100  ng  of  rKLK4  was  positive  control.  (n=4). 
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Specific  Aim  3:  In  vitro  studies  to  assess  effect  of  KLK4-targeting  conjugates 
o  Task  1:  Determine  effects  of  KLK4-inhibition  on  PCa  cell  behaviour  and  EMT 

■  Subtask  1  and  2):  Cell  proliferation,  migration  and  invasion  assays. 

Since  KLK4  siRNA  is  currently  being  conjugated  onto  HBP-peptide  by  our  collaborators,  the 
experiments  done  to  date  have  mainly  involved  comparing  the  in  vitro  characteristics  of 
KLK4-transfectants  with  vector-transfectants,  to  identify  cellular  functions  of  KLK4  which 
we  aim  to  inhibit  with  HBP-peptide/KLK4siRNA.  PC3/PIP-KLK4  showed  a  trend  towards 
having  a  faster  rate  of  cell  proliferation  when  compared  to  PC3/PIP-Vec  cells,  as  assessed 
by  Prestoblue  reagent  (Life  Technologies)  (Fig  7A).  Treatment  of  PC3/PIP-KLK4  cells  with 
siKLK4(A)  and  siKLK4(B)  also  reduced  cell  proliferation  as  assessed  by  cell  counting  in  a 
preliminary  experiment  (Fig  7B).  Since  KLK4  protein  was  not  detectable  in  CM  of  C42b- 
KLK4  or  C42b-Vec  cells,  proliferation  assays  were  not  performed  on  those  cells. 
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Fig  7.  Effect  of  KLK4  on  proliferation  of  PC3/PIP  cells.  A)  Proliferation  rate  of  PC3/PIP- 
Vec  and  PC3/PIP-KLK4  cells  seeded  at  2  different  cell  densities  in  96-well  plates  was 
assessed  by  incubation  with  Prestoblue  reagent.  B)  Cell  counting  using  a 
haemcytometer  was  performed  on  cells  48  hours  after  siRNA  treatment  (lOnM).  (n=l). 


The  effect  of  KLK4  over-expression  on  cell  migration  was  assessed  using  the  Incucyte 
time-lapse  microscopy  system.  PC3/PIP-KLK4  cells  showed  a  trend  towards  a  faster  rate 
of  wound  closure  in  the  wound-scratch  assay  as  compared  to  PC3/PIP-Vec  cells  (Fig  8A). 
The  correlation  between  KLK4  with  a  faster  migration  rate  is  unlikely  to  be  due  to  cell 
proliferation  as  differential  migration  rate  is  apparent  after  4-6  hours.  These  findings  will 
be  validated  by  transwell  migration  assays.  Another  preliminary  experiment  was 
performed  to  assess  the  migration  of  PCa  cells  towards  CM  containing  KLK4.  Parental 
PC3/PIP  cells  migrated  more  rapidly  towards  CM  of  PC3/PIP-KLK4  cells  than  to  those 
from  PC3/PIP-Vec  cells  in  a  transwell  assay  (Fig  8B).  The  ability  of  HBP- 
peptide  /KLK4siRNA  to  inhibit  the  effects  of  KLK4  on  cell  motility  will  be  assessed. 


Fig  8.  A)  Preliminary  evidence  of  faster  migration  rate  by  PC3/PIP-KLK4  cells.  B)  Parental 
PC3/PIP  cells  appear  to  move  more  rapidly  towards  CM  containing  KLK4.  (n=l). 
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The  effect  of  KLK4  over-expression  on  the  invasive  capabilities  of  PC3/PIP  cells  was  assessed 
cells  using  a  modified  3D  Matrigel™  assay.  The  culture  of  PC3/PIP-KLK4  cells  over  a  period  of 
7  days  resulted  in  the  majority  of  colonies  growing  with  an  invasive  stellate  morphology  (Fig 
9A).  In  contrast,  PC3/PIP-Vec  cells  grew  as  more  rounded  and  less-invasive  colonies  over  the 
same  period.  This  effect  was  highly  reproducible  (n=3).  Mechanistically,  KLK4  could  be 
mediating  an  invasive  phenotype  by  acting  intracellularly,  or  through  extracellular  activities. 
To  explore  the  latter  possibility,  parental  PC3/PIP  cells  were  again  grown  on  matrigel  but 
incubated  with  100%  CM  from  PC3/PIP-KLK4  or  PC3/PIP-Vec  cells  for  up  to  5  days.  Cells 
treated  with  PC3/PIP-KLK4  CM  exhibited  a  more  invasive  phenotype,  suggesting  that  the 
extracellular  function  of  KLK4  mediates  this  effect.  The  cells  failed  to  grow  further  beyond  5-7 
days.  The  ability  of  HBP-peptide/KLK4siRNA  to  inhibit  the  pro-invasive  effects  of  KLK4  will 
be  assessed  using  the  same  assays. 


Fig  9.  A)  Growth  of  PC3/PIP-Vec  and  PC3/PIP-KLK4  on  matrigel  in  media  containing  5%  FBS 
for  up  to  7  days  to  assess  their  invasive  morphology.  B)  Growth  of  parental  PC3/PIP  cells  on 
matrigel  and  incubated  in  100%  CM  from  PC3/PIP-Vec  or  PC3/PIP-KLK4.  n=3. 
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Although  C42b-KLK4  and  C42B-Vec  cells  did  not  secrete  detectable  amounts  of  KLK4  protein, 
I  performed  the  matrigel  experiments  as  described  above  as  well.  As  expected,  there  is  no 
evidence  of  KLK4  altering  the  phenotype  of  the  C42b  model  (Fig  10). 


Fig  10.  Growth  of  C42b-Vec  and  C42b-KLK4  on  matrigel  in  media  containing  5%  FBS  (A)  or 
CM  from  KLK4-  or  Vec-transfectants  (B). 


■  Subtask  3):  RT-qPCR  and  western  blot  for  markers  ofEMT 
To  study  the  potential  effect  of  KLK4  over-expression  in  inducing  EMT-like  changes  in  PCa 
cells,  qRT-PCR  was  performed  on  a  number  of  EMT-associated  markers  on  RNA  of  KLK4- 
transfected  or  Vec-transfected  cells  (Fig  11).  Over-expression  of  KLK4  in  the  PC3/PIP  model 
positively  correlated  with  higher  mRNA  level  of  Snail,  a  potent  EMT-inducing  transcription 
factor.  However,  no  overt  changes  in  the  expression  of  other  EMT-related  genes  were 
observed.  The  next  experimental  plan  is  to  perform  qRT-PCR  on  parental  PC  3/PIP  cells 
following  incubation  with  CM  from  PC3/PIP-Vec  and  PC3/PIP-KLK4  cells.  As  expected,  no 
differences  between  KLK4  and  EMT  markers  were  seen  in  the  C42b  model  (Fig  12).  Currently, 
the  link  between  KLK4  and  EMT  in  these  cells  is  not  clear.  The  primer  sequences  for  these 
genes  are  listed  in  Table  3  below. 


Fig  11.  qRT-PCR  for  EMT  markers  in  the  PC3/PIP  model.  (n=5). 


11 


EMT-inducing  TFs  | 


Mesenchymal 
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Epithelial 

Markers 
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Vec  KLK4  Vec  KLK4  Vec  KLK4  Vec  KLK4 

Vimentin  Fibronectin  N-Cad  NRP1 
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Vec  KLK4  Vec  KLK4  Vec  KLK4  Vec  KLK4 
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iiil  jikfl 

Vec  KLK4  Vec  KLK4 


Fig  12.  qRT-PCR  for  EMT  markers  in  the  C42b  model.  (n=3). 


Table  3.  Primers  for  EMT  markers. 


Sense  (5’=>3’) 

Antisense  (5’=>3’) 

Snail 

CCTCCCTGTCAGATGAGGAC 

CCAGGCTGAGGTATTCCTTG 

Slug 

GGGGAGAAGCCTTTTTCTTG 

TCCTCATGTTTGTGCAGGAG 

Zebl 

CAACTACGGTCAGCCCT 

GCGGTGTAGAATCAGAGTC 

Twist 

GGAGTCCGCAGTCTTACGAG 

TCTGGAGGACCTGGTAGAGG 

Vimentin 

GAGAACTTTGCCGTTGAAGC 

GCTTCCTGTAGGTGGCAATC 

Fibronectin 

CAGTGGGAGACCTCGAGAAG 

TCCCTCGGAACATCAGAAAC 

N-Cadherin 

ACAGTGGCCACCTACAAAGG 

CCGAGATGGGGTTGATAATG 

Neuropilin-l(  NRP1) 

AGGACAGAGACTGCAAGTATGAC 

AACATTCAGGACCTCTCTTGA 

E-Cadherin 

TGCCCAGAAAATGAAAAAGG 

GTGTATGTGGCAATGCGTTC 

EpCam 

TGCTCAAAGCTGGCTGCCAAATG 

GTGCCGTTGCACTGCTTGGC 

RPL32  (reference) 

GCACCAGTCAGACCGATATG 

ACTGGGCAGCATGTGCTTTG 

o  Task  2:  Study  effects  of  KLK4-blockade  on  PCa  homing  and  establishment  in  bone 

■  Subtask  1):  Migration  assays  using  CM  from  human  osteoblasts  -  in  progress 

■  Subtask  2 ):  Cell  adhesion  assay  -  in  progress 

■  Subtask  3):Co-culture  of  PCa  cells  with  osteoblasts  within  a  novel  tissue  engineered  bone. 
Yet  to  commence  -  this  is  because  fresh  patient  material/osteoblasts  are  very  precious 
and  expensive  to  transformed  into  tissue  engineered  bone,  hence  these  experiments  will  be 
performed  with  HBP-peptide/siKLK4  is  successfully  conjugated. 

Specific  Aim  4:  In  vivo  studies  to  assess  effect  of  KLK4-targeting  conjugates 

Yet  to  commence. 

e  What  opportunities  for  training  and  professional  development  has  the  project 
provided? 

My  laboratory,  the  Australian  Prostate  Cancer  Research  Centre-Queensland  (APCRC-Q), 
Queensland  University  of  Technology,  has  provided  me  with  excellent  training 
opportunities  in  PCa  research.  Led  by  world  renowned  PCa  researchers  in  Prof  Colleen 
Nelson  (Executive  Director),  Prof  Judith  Clements  (Scientific  Director;  my  co-mentor)  and 
Prof  Pamela  Russell  (Head  of  Biomedical  Imaging  and  Prostate  Cancer  Models;  my 
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mentor),  I  have  been  working  alongside  and  learning  from  experts  in  varied  specialties.  I 
have  had  significant  exposure  to  biomarker  discovery,  hormonal  regulation  of  gene 
expression,  epithelial  to  mesenchymal  transition  (EMT),  animal  models,  cancer  imaging, 
cancer  stem  cells,  circulating  tumor  cells  (CTCs),  metabolomics,  targeted  therapeutics  and 
bioinformatics.  In  addition,  I  have  been  regularly  discussing  research  ideas  with  clinician- 
scientists  from  the  Princess  Alexandra  Hospital,  which  has  been  invaluable  in  my 
development  into  a  truly  translational  PCa  research  scientist. 

My  individualised  training  program  involves  regular  meetings  with  my  mentor,  co-mentor 
and  collaborators  to  discuss  results  and  brainstorm  new  ideas: 

>  I  have  one-on-one  meetings  with  my  mentor,  Prof  Pamela  Russell,  at  least  three  times  a 
week.  She  has  >30  years  of  experience  in  PCa  research  with  an  international  reputation 
for  development  of  in  vitro  and  in  vivo  urological  cancers,  including  the  RMl(BM)  model 
of  bone  metastasis  in  an  immunocompetent  mouse  model,  gene  therapy  (to  proceed  to 
Phase  I  clinical  trial;  NCT00625430;  http://clinicaltrials.gov)  and  more  recently,  on  PCa 
theranostics  using  nanotechnology.  She  has  >200  publications  (H-index  37),  procured 
>$25million  in  grants,  and  received  the  inaugural  award  for  Prostate  Cancer  Researcher 
of  the  year  in  2010  from  the  Prostate  Cancer  Foundation  of  Australia  which  she  helped 
to  establish,  and  is  a  member  of  the  scientific  committee  for  Movember’s  Global  Action 
Plan,  amongst  other  honours.  I  also  receive  guidance  from  her  in  relation  to  writing 
manuscripts,  grant/fellowship  applications,  and  for  networking  with  potential 
collaborators. 

>  I  have  regular  meetings  with  my  co-mentor,  Distinguished  Professor  Judith  Clements, 
fortnightly  to  discuss  the  progress  of  my  project.  I  also  attend  the  lab  meetings  of  her 
group  fortnightly.  Prof  Clements  is  a  world  leading  researcher  in  the  kallikrein  family  of 
proteases.  She  has  >180  publications  (H-index  43),  and  has  made  many  seminal 
findings  including  the  identification  of  12  new  PSA-related  enzymes,  extending  the 
Kallirekin  family  of  genes  to  15.  In  2007  she  was  awarded  the  prestigious  international 
Frey-Werle  Foundation  Gold  Medal  for  her  significant  contributions  to  the  kallikrein 
protease  field  on  their  roles  in  hormone  dependent  cancers.  I  have  received  a 
tremendous  amount  of  support  from  her. 

>  I  meet  with  my  polymer  chemistry  collaborators,  Professor  Andrew  Whittaker  and  Dr 
Kris  Thurecht  from  AIBN,  every  two  months  to  discuss  about  the  project.  Both  are 
experts  in  the  fields  of  biomaterials  science,  nanotechnology  and  imaging.  Working  with 
them  has  given  me  invaluable  insight  into  the  chemistry/nanotechnology  discipline. 


The  table  lists  other  professional  development  opportunities  I  have,  or  will,  participate  in: 


Prostate  cancer-focused  seminars/meetings/conferences 

APCRC-Q  laboratory  meetings 

Tuesdays 

Weekly 

Endocrine,  Metabolism  &  Plasticity  (EMP)  group  meetings 

Thursdays 

Fortnightly 

Prostate  Cancer  World  Congress 

August  17-20,  2015 

Annually 

International  Symposium  on  Kallikreins  and  Kallikrein- 
Related  Peptidases 

Sept  28-Oct  1,  2015 

Biannually 

2015  Prostate  Cancer  Collaborative  Research  Symposium 

Nov  25-28,  2015 

Biannually 

Institute  seminars 

TRI  Symposium 

Tuesdays 

Fortnightly 

TRI  Early  Career  Researcher  (ECR)  Seminars 

Fridays 

Weekly 

Workshops 

Research  Methods  Group  (RMG)  -  Biostats 

Thursdays 

Fortnightly 

13 


•  How  were  the  results  disseminated  to  communities  of  interest? 

Our  first  manuscript  (Fuchs  and  Tse  et  a/.)  which  describes  the  design,  synthesis  and 
initial  in  vitro  and  in  vivo  characterisation  of  our  hyperbranched  polymer  system  used  in 
this  project  was  recently  accepted  for  publication  in  the  journal  Biomacromolecules.  This  is 
a  cross-disciplinary  journal  that  covers  the  fields  of  chemistry,  nanotechnology, 
bioengineering  and  medicine  (impact  factor  5.75).  Based  on  this  work,  I  gave  oral  and 
poster  presentations  at  the  recent  Prostate  Cancer  World  Congress  held  at  Cairns, 
Australia  (Aug  17-20,  2015).  The  conference  was  attended  by  world  leading  clinicians 
(urologists,  surgeons,  medical  oncologists,  radiation  oncologists  etc...)  as  well  as  high 
profile  translational  research  scientists.  Locally,  I  have  presented  my  work  at  the 
Australian  Prostate  Cancer  Research  Centre-Queensland  (APCRC-Q)  weekly  seminars,  as 
well  as  the  group  meetings  of  my  co-mentor  Prof  Judith  Clements,  and  collaborators  at 
Australian  Institute  of  Bioengineering  and  Nanotechnology  (AIBN),  University  of 
Queensland. 

•  What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

I  will  continue  to  disseminate  my  research  findings  at  two  upcoming  international 
conferences,  both  to  be  held  in  Australia:  1)  the  6th  annual  International  Symposium  on 
Kallikreins  and  Kallikrein-Related  Peptidases  (Sept  28-Oct  1,  2015),  and  2)  the  2015 
Prostate  Cancer  Collaborative  Research  Symposium  (Nov  25-28,  2015).  I  will  also  promote 
prostate  cancer  research,  including  my  DOD  work,  to  a  lay  audience  of  60-100  through 
Australian  Rotary  clubs  on  Oct  21st,  2015.  This  provides  me  with  the  opportunity  to 
actively  engage  with  the  local  community,  which  is  absolutely  essential  in  our  efforts  to 
improve  the  society’s  awareness  and  knowledge  of  PCa.  I  will  also  be  lecturing  on  prostate 
cancer  imaging  and  therapy  to  third  year  science  students  at  the  Queensland  University  of 
Technology  (QUT)  on  September  22nd,  2015,  where  I  will  again  present  and  promote  my 
work.  I  will  continue  to  share  my  research  with  the  APCRC-Q  lab  meetings,  and  group 
meetings  of  my  mentors  and  collaborators. 

4.  IMPACT: 

•  What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the 
project? 

Whilst  this  project  has  yet  to  result  in  translational  outcomes,  it  has  the  potential  to 
significantly  improve  clinical  management  of  PCa.  Despite  the  development  of  next 
generation  anti-androgen  drugs  and  chemotherapies,  castrate-resistant  PCa  remains 
incurable.  Thus,  new  therapies  that  target  other  PCa-promoting  pathways  need  to  be 
developed.  Our  therapy  aims  to  prevent  PCa  progression  by  inhibiting  KLK4,  which 
promotes  EMT  and  homing  to  bone,  in  order  to  prolong  patient  survival  and  improve  their 
quality  of  life.  Experiments  are  designed  to  not  only  perform  preclinical  testing  of  our 
therapy,  but  to  also  study  how  KLK4  promotes  PCa  progression.  This  knowledge  is 
invaluable  in  its  own  right,  and  will  help  us  refine  our  therapies  in  the  future. 

•  What  was  the  impact  on  other  disciplines? 

Nothing  to  report. 

•  What  was  the  impact  on  technology  transfer? 

Nothing  to  report. 

•  What  was  the  impact  on  society  beyond  science  and  technology? 

Nothing  to  report. 
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5.  CHANGES/PROBLEMS: 

•  Changes  in  approach  and  reasons  for  change  AND  actual  or  anticipated  problems  or 

delays  and  actions  or  plans  to  resolve  them 

A  number  of  minor  but  rational  changes  in  approach  were  made,  causing  slight  delay  in 

some  cases. 

>  In  the  original  fellowship  application,  the  PSMA-targeting  ligand  to  be  attached  to 
HBPs  was  the  J591  antibody,  with  the  alternative  ligand  being  urea  glutamate. 
However,  since  that  time,  the  peptide  ligand  became  available  to  us  from  Dr  Warren 
Heston.  As  described  in  the  accomplishment  section  above,  we  generated  HBPs  linked 
with  each  of  the  three  PSMA  ligands,  and  performed  a  large  body  of  optimisation  and 
characterisation  experiments  to  determine  which  polymer  has  the  highest  PSMA- 
targeting  efficiency  and  specificity,  and  most  rational  to  attach  our  KLK4  siRNA  onto. 
This  process  caused  some  delays;  however,  the  HBP-peptide  has  now  been  determined 
as  the  best  one  to  use.  At  the  moment,  HBP-peptide/siKLK4(A),  /siKLK4(B)  and 
/siControl  are  being  synthesised,  and  we  anticipate  them  to  be  ready  in  approximately 
two  months. 

>  In  the  original  application,  two  KLK4-inhibiting  strategies  were  proposed:  siRNA  and 
antibody.  However,  after  careful  re-evaluation  of  the  strategy,  it  was  decided  that  the 
siRNA  approach  would  be  by  far  more  effective  than  antibody,  given  the  surprisingly 
high  amount  of  KLK4  protein  secreted  by  PC3/PIP-KLK4  cells.  The  amount  of  antibody 
required  for  attachment  to  HBP-peptide,  and  the  dosage  of  the  resultant  polymer 
needed  to  reverse  KLK4-induced  cellular  changes  are  not  feasible  -  certainly  not  in 
vivo.  In  addition  to  having  greater  KLK4  silencing  potential  compared  to  an  antibody 
approach,  siRNA  is  also  more  feasible  cost-wise.  For  these  reasons,  siRNA  has  been 
selected  as  the  KLK4-silencing  mechanism  for  our  HBP-peptide  system.  This 
modification  did  not  result  in  delays. 

>  The  original  plan  was  to  over-express  KLK4  using  the  plasmids  that  Prof  Clements 
used  in  her  previous  study  [4,  5].  However,  the  data  described  in  this  report  involved 
the  use  of  cells  transfected  with  plasmids  from  Prof  Viktor  Magdolen.  Although  full 
length  KLK4  is  encoded  on  plasmids  from  both  sources,  a  key  difference  was  the  vector 
backbone  (pcDNA3.1  versus  pRVS).  KLK4  protein  production  was  much  greater  in  cells 
transfected  with  Prof  Magdolen’s  constructs;  hence  the  switch.  In  addition,  preliminary 
data  generated  from  these  cells  provide  good  evidence  of  KLK4-mediated  effects. 

>  An  unexpected  research  finding  was  that  KLK4-over  expression  did  not  induce  overt 
EMT-like  changes,  which  has  been  reported  in  the  literature.  Only  the  Snail 
transcription  factor  was  differentially  expressed  between  KLK4  transfectants  and 
control  PC  3/PIP  cells.  However,  there  is  evidence  that  KLK4  alters  cell  invasiveness 
and  motility,  which  are  related  to  but  not  exclusive  to  EMT  processes.  The  approach 
now  is  to  treat  parental  PC3/PIP  cells  with  CM  from  PC3/PIP-KLK4  or  PC3/PIP-Vec 
cells  to  determine  whether  or  not  under  those  circumstances  EMT-like  changes  are 
induced.  If  so,  we  would  test  whether  or  not  HBP-peptide/siRNA  can  inhibit  this. 

>  A  minor  problem  encountered  which  caused  some  delay  was  that  during  the  plasmid 
transfection  stage,  our  laboratory/institute  experienced  a  one-off  widespread 
mycoplasma  contamination.  The  exact  cause  was  not  determined,  possibly  related  to 
incubators  or  shared  pipette  guns,  but  the  problem  has  now  been  fully  resolved. 
Unfortunately  due  to  mycoplasma  infection,  I  had  to  perform  cell  line  transfection  an 
extra  two  times,  which  caused  delays  of  weeks  to  months. 

>  The  proposed  experiments  involving  the  use  of  human  tissue  engineered  bone  have 
been  slightly  delayed.  I  am  waiting  for  the  HBP-peptide/siRNA  to  be  ready  before 
proceeding  with  those  experiments,  as  they  are  very  precious  and  expensive  to 
perform.  I  anticipate  the  experiments  will  commence  in  2-3  months. 
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•  Changes  that  had  a  significant  impact  on  expenditures 

Nothing  to  report. 

•  Significant  changes  in  use  or  care  of  human  subjects,  vertebrate  animals, 
biohazards,  and/or  select  agents 

Nothing  to  report. 

•  Significant  changes  in  use  or  care  of  human  subjects 

Nothing  to  report. 

•  Significant  changes  in  use  or  care  of  vertebrate  animals. 

Nothing  to  report. 

•  Significant  changes  in  use  of  biohazards  and/or  select  agents 

Nothing  to  report. 

6.  PRODUCTS 

•  Publications,  conference  papers,  and  presentations 

•  Journal  publications 

Two  manuscripts  related  to  this  DOD  project  have  been  published  or  accepted  (please 
see  full  manuscripts/publications  at  Appendices  section). 

1.  Fuchs  AV*,  Tse  BW-C*.  Pearce  AK,  Yeh  MC,  Fletcher  N,  Huang  SS,  Heston  WD, 

Whittaker  AK,  Russell  PJ,  Thurecht  KJ.  Evaluation  of  polymeric  nanomedicines 
targeted  to  PSMA:  Effect  of  ligand  on  targeting  efficiency. 

Biomacromolecules  (accepted  for  publication  on  25-Aug  2015).  *Equal  first. 

2.  Pearce  AK,  Rolfe  B,  Russell  PJ,  Tse  BW-C.  Whittaker  AK,  Fuchs  AV,  Thurecht  KJ. 
Development  of  a  polymer  theranostic  for  prostate  cancer.  Polymer 
Chemistry.  2014.  doi:10.1039/C4PY00999A. 

Another  paper  related  the  synthesis  and  characterisation  of  polymeric 
nanoparticles  for  prostate  cancer  imaging  and  treatment  (not  the  same  polymer 
system  as  in  my  DOD  project).  I  contributed  to  experimental  setup  and  wrote  parts 
of  the  paper.  Polymer  Chemistry  has  an  impact  factor  of  5.52. 

•  Books  or  other  non-periodical,  one-time  publications 

Nothing  to  report. 

•  Other  publications,  conference  papers,  and  presentations 

I  recently  attended  the  Prostate  Cancer  World  Congress  (Aug  17-20,  2015)  at  Cairns, 
Australia,  and  gave  an  oral  presentation  based  on  our  preliminary  hyperbranched 
polymer  work.  The  abstract  was  entitled  "Multimodal  hyperbranched  polymers 
targeting  Prostate  Specific  Membrane  Antigen  (PSMA)  for  imaging  of  prostate  cancer” 
(please  see  full  abstract  at  Appendices  section).  I  have  also  submitted  an  abstract 
based  on  my  preliminary  KLK4  work  to  the  upcoming  6th  annual  International 
Symposium  on  Kallikreins  and  Kallikrein-Related  Peptidases  (ISK  2015)  in  Brisbane, 
Australia  (Sept  28-Oct  1,  2015),  of  which  my  co-mentor  Prof  Judith  Clements  is  Chair  of 
the  organising  committee.  The  abstract  is  entitled  "Targeting  KLK4  to  inhibit  prostate 
cancer  epithelial  to  mesenchymal  transition  (EMT)  and  homing  to  bone”  (please  see 
full  abstract  at  Appendices  section). 
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•  Website(s)  or  other  Internet  site(s) 

The  awarding  of  my  DOD  Postdoctoral  Training  Award  for  Prostate  Cancer  Research  was 
announced  on  the  website  of  our  institute,  the  Australia  Prostate  Cancer  Research  Centre- 
Queensland  (APCRC-Q).  URL  below: 

<http://www.australianprostatecentre.org/news/funding-flows-for-dr-brett-hollier-and- 

dr-brian-tse> 

•  Technologies  or  techniques 

Nothing  to  report. 

•  Inventions,  patent  applications,  and/or  licenses 

Nothing  to  report. 

•  Other  Products 

Nothing  to  report. 

7.  PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 


•  What  individuals  have  worked  on  the  project? 


Name: 

Brian  Tse 

Project  Role: 

Post-doctoral  Training  Award  recipient  (PI) 

Researcher  Identifier 

N/A 

Nearest  month  person  worked 

12 

Contribution 

Lead  project  and  perform  experiments 

•  Has  there  been  a  change  in  the  active  other  support  of  the  PD/PI(s)  or  senior/key 
personnel  since  the  last  reporting  period? 

Nothing  to  report. 


•  What  other  organizations  were  involved  as  partners? 


Organisation  Name: 

Australian  Institute  of  Bioengineering  and 
Nanotechnology  (AIBN),  University  of  Queensland 

Location  of  Organisation: 

Brisbane,  Australia 

Partner’s  contribution  to  the 
project: 

•  Collaboration  (staff  to  perform  polymer 
synthesis  including  attachment  of  siKLK4) 

•  In-kind  support 

•  Facilities 

8.  SPECIAL  REPORTING  REQUIREMENTS 

Nothing  to  report. 
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1.  Fuch  &  Tse  et  al.  Manuscript  accepted  for  publication  in  Biomacromolecules 

2.  Pearce  et  al.  Polymer  Chemistry.  2014,  5:6932-6942. 

3.  Abstract  for  2015  Prostate  Cancer  World  Congress 

4.  Abstract  for  6th  International  Symposium  on  Kallikreins  and  Kallikrein-Related 
Peptidases. 

References: 

1.  Klokk  et  al, Cancer  Res  2007;67:5221;  2.Avgeris  et  al, Prostate  2011;71:1789;  3. Beaufort 
et  al;  Biol  Chem  2006;387:217;  4.Veveris-Lowe  et  al,  Endo-Rel  Can;  2005;12:631;  5. Gao  et 
al;  Prostate  2007;67:348;  6.Jones  et  al;  Exp  Opin  The  Targ  2009;(2):227. 


17 


Appendix  1 


Evaluation  of  polymeric  nanomedicines  targeted  to 
PSMA:  Effect  of  ligand  on  targeting  efficiency 

Adrian  V.  Fuchs,0'"  Brian  W.C.  Tse}’*  Amanda  K.  Pearce,0  Mei-Chun  Yeh}  Nicholas  L. 
Fletcher,0  Steve  S.  Huang*  Warren  D.  Heston, "  Andrew  K.  Whittaker,0'1'  Pamela  J.  Russell,  ^ 

and  KristoferJ.  Thurecht,0±' 

Australian  Institute  of  Bioengineering  and  Nanotechnology  and  Centre  for  Advanced  Imaging, 
University  of  Queensland,  Brisbane,  4072,  Australia 

Australian  Prostate  Cancer  Research  Centre  -  Queensland,  Institute  of  Health  and  Biomedical 
Innovation,  Queensland  University  of  Technology  at  Translational  Research  Institute,  Brisbane, 

4102,  Australia 

’Department  of  Nuclear  Medicine,  Cleveland  Clinic,  Cleveland,  Ohio,  44195,  USA 
'Department  of  Cancer  Biology,  Cleveland  Clinic,  Cleveland,  Ohio,  44195,  USA 
ARC  Centre  of  Excellence  in  Convergent  Bio-Nano  Science  and  Technology 


1 


ABSTRACT 


Targeted  nanomedicines  offer  a  strategy  for  greatly  enhancing  accumulation  of  a  therapeutic 
within  a  specific  tissue  in  animals.  In  this  study  we  report  on  the  comparative  targeting  efficiency 
towards  prostate  specific  membrane  antigen  (PSMA)  of  a  number  of  different  ligands  that  are 
covalently  attached  by  the  same  chemistry  to  a  polymeric  nanocarrier.  The  targeting  ligands 
included  a  small  molecule  (glutamate  urea),  a  peptide  ligand  and  a  monoclonal  antibody  (J591). 
A  hyperbranched  polymer  (HBP)  was  utilized  as  the  nanocarrier  and  contained  a  fluorophore  for 
tracking/analysis,  while  the  pendant  functional  chain-ends  provided  a  handle  for  ligand 
conjugation.  Targeting  efficiency  of  each  ligand  was  assessed  in  vitro  using  flow  cytometry  and 
confocal  microscopy  to  compare  degree  of  binding  and  internalization  of  the  HBPs  by  human 
prostate  cancer  (PCa)  cell  lines  with  different  PSMA  expression  status  (PC3-PIP  (PSMA+)  and 
PC3-FLU  (PSMA-).  The  peptide  ligand  was  further  investigated  in  vivo,  in  which  BALB/c  nude 
mice  bearing  subcutaneous  PC3-PIP  and  PC3-FLU  PCa  tumors  were  injected  intravenously  with 
the  HBP-peptide  conjugate  and  assessed  by  fluorescence  imaging.  Enhanced  accumulation  in  the 
tumor  tissue  of  PC3-PIP  compared  to  PC3-FLU  highlighted  the  applicability  of  this  system  as  a 
future  imaging  and  therapeutic  delivery  vehicle. 


KEYWORDS 

Polymeric  Nanomedicine,  Prostate  Specific  Membrane  Antigen,  Prostate  Cancer,  Bioconjugate, 
Hyperbranched  Polymer,  Cancer  Imaging. 
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INTRODUCTION 


Prostate  cancer  (PCa)  is  the  most  frequently  diagnosed  cancer  in  men,  and  the  sixth  leading 
cause  of  cancer-related  deaths  of  men  worldwide.  In  2008,  an  estimated  903,000  men  were 
newly  diagnosed,  and  258,000  died  from  PCa.1  In  clinical  management  of  PCa,  common 
uncertainties  include  the  inability  to  discriminate  clinically  significant  PCa  from  more  aggressive 
disease  and  the  precision  of  loco-regional  staging  (lymph  node  involvement)  in  advanced  disease 
states.  This  unreliability  exists  despite  improvements  in  imaging,  the  most  notable  being  the 
recent  implementation  of  a  Ga68-PSMA  agent  for  positron  emission  tomography  (PET)  that  is 
showing  good  discrimination  of  PCa  in  humans.2'4  However,  there  still  exists  the  need  to  better 
treat  PCa  building  on  advances  in  targeted  systems. 

PSMA,  a  750-amino  acid,  type  2  transmembrane  glycoprotein  with  folate  hydrolase  (FOLH1) 
and  carboxy  peptidase  II  activity,  is  an  attractive  surface  protein  for  prostate-cancer  targeting.  ’ 
Also  known  as  glutamate  carboxypeptidase  II  (GCPII),  PSMA  is  highly  expressed  on  the  surface 
of  over  90%  of  PCas,  including  lymph  node  and  bone  metastases,  and  its  level  increases 
progressively  in  higher  grade  tumors,  metastatic  and  hormone-refractory  disease.  '  Thus  PSMA 
serves  as  a  biomarker  that  is  both  specific  and  sensitive  for  tumor  volume.  In  addition,  the 
cytoplasmic  domain  of  PSMA  contains  a  MXXXL  motif,  which  mediates  its  internalization  and 
endosomal  cycling.  ’  “  Various  targets/ligands  have  been  identified  for  PSMA,  ranging  from 
antibodies  (and  their  fragments)13’ 14  to  aptamers,15’ 16  peptides,17’ 18  and  small  molecules.19’20  The 
phannacokinetic  and  bio-distribution  profile  of  these  targeting  moieties  differ  greatly  due  to  their 
variations  in  size,  structure  and  functionality. 

Glutamate  ureas  have  shown  great  success  in  the  targeting  of  PSMA.  ’  “  This  is  due  to  the 
ability  of  PSMA  (or  GCPII)  to  hydrolyse  V-acctyl-aspartyl  glutamate  to  glutamate  plus  N- acetyl- 
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aspartamate  (NAALADase).9  As  a  consequence,  inhibitors  of  NAALADases  also  show  high 
affinity  towards  PSMA.  Variants  of  the  2-[3-(l,3-dicarboxypropyl)-ureido]pentanedioic  acid 
family  modified  through  the  C2  position  have  been  particularly  investigated.  ’ "  Heston  et  al.  ’ 
24  have  investigated  peptides  carrying  the  urea-based  moiety.  These  peptides  contain  the 
negatively  charged  glutamate  urea  at  the  N-tenninus.  The  glutamate  urea  head-group  was  thus 
extended,  by  the  trailing  peptide  segment,  into  the  20  A  pocket  of  the  GCPII.25  This  provided 
effective  access  to  the  glutamate  binding  region  and  Huang  et  al.  have  shown  through 
SPECT/CT  imaging  that  when  radiolabelled  with  "mTc,  good  targeting  of  PSMA  expressing 
tumors  in  mice  was  observed.  The  glutamate-urea  group  attached  to  polymeric,  docetaxel- 
loaded  micelles  “BIND-014”  has  also  recently  made  the  clinical  transition  as  a  targeted 
nanoparticle.'  Antibodies  have  also  been  utilized  to  bind  PSMA.  PSMA  was  first  identified  as 

97 

the  antigen  binding  the  7E1 1-C5.3  monoclonal  antibody  (MAb),  raised  vs  human  LNCaP  cells. 
This  MAb  forms  the  basis  of  “ProstaScinf  ’  imaging  for  PCa,  but  binds  to  an  internal  epitope  of 
PSMA.  Recent  testing  uses  the  J591  MAb,  which,  after  binding  to  an  external  domain  of 
PSMA'  is  internalized  by  endocytosis  via  clathrin-coated  pits. 

In  order  to  exploit  this  high  level  of  specificity  towards  the  PSMA  receptor,  nanomedicines 
have  been  developed  that  allow  delivery  of  a  wide  range  of  therapeutic  cargos  to  PCa. 
Nanomedicines  provide  an  expansive  platform  for  both  imaging  and  treating  prostate  cancer, 
facilitating  longer  circulation  times,  higher  accumulation  of  therapeutics/imaging  agents  at  the 
site  of  disease  as  well  as  the  potential  to  deliver  a  range  of  therapeutic  agents.  However,  there 
are  no  reports  that  directly  assess  and  compare  the  targeting  ability  of  different  ligands  towards 
PSMA  on  a  particular  nanomedicine.  Therefore,  in  this  report  the  objective  was  to  assess  the 
targeting  efficiency  of  polymeric  nanomedicines  (as  a  pseudo-drug  carrier)  towards  PSMA  using 
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a  small  molecule  (glutamate  urea),  peptide  and  whole  antibody  (J591).  By  keeping  the  polymeric 
nanomaterial  the  same  in  each  case,  the  ability  to  target  PSMA-expressing  tumor  cells  could  be 
monitored  experimentally.  To  achieve  this  aim,  we  have  chosen  to  use  hyperbranched  polymers 
as  a  model  nanomaterial,  since  these  materials  exhibit  versatility  in  design,  function  and  have 

32  36 

previously  been  shown  to  be  effective  as  therapeutic  and  imaging  agents  in  vivo. 

The  synthesis  and  characterization  of  a  HBP  platfonn  from  which  effectively  target  PSMA  via 
post-polymerization  conjugation  of  either  glutamate  urea  (HBP-GluUrea),  a  glutamate  urea¬ 
carrying  peptide  (HBP-peptide)  or  the  J591  monoclonal  antibody  (HBP-J591)  has  been  achieved. 
The  HBP  contains  activated  ester  chain-ends  from  which  post-  polymerization  conjugation 
strategies  were  employed.  Cyanine5  (Cy5)  and  a  fluorinated  monomer  were  also  polymerized 
into  the  HBP  construct  to  provide  imaging  and  diagnostic  capabilities  to  the  materials  while 
poly( ethylene  glycol)  monomethyl  ether  methacrylate  475  (PEGMA)  was  incorporated  to 
provide  water  solubility  and  biocompatibility.  The  materials  were  extensively  characterized  and 
their  comparative  ability  to  be  endocytosed  via  PSMA  into  prostate  cancer  cells  with  varying 
PSMA  expression  level  was  perfonned. 
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Scheme  1.  The  synthetic  pathway  used  in  the  generation  of  the  core  polymer  platfonn  (4)  from 
which  various  PSMA-targeting  materials  was  generated. 


MATERIALS  AND  METHODS 

Materials.  Ethylbenzyl  thiol,  carbon  disulfide,  potassium  tert-butoxide,  iodine, 
azobis(cyanovaleric  acid)  (ACVA),  pentafluorophenol  (PFP),  methacrylic  acid, 
dicyclohexylcarbodiimide  (DCC),  dimethylamino  pyridine  (DMAP),  triethylamine  (TEA), 
phosphate-buffered  saline  (PBS),  trifluoroacetic  acid,  l-Ethyl-3-(3-dimethylaminopropyl) 
carbodiimide  hydrochloride  (EDC.HC1),  azobis(isobutyronitrile)  (AIBN),  and  N-(2- 
aminoethyl)maleimide.TFA  were  all  used  as  received  from  Sigma  Aldrich.  A-hexane,  ethyl 
acetate,  dichloromethane,  dimethylfonnamide,  diethyl  ether,  pyridine,  tetrahydrofuran, 
acetonitrile  and  methanol  were  used  dry  where  applicable  and  of  reagent  grade  quality.  MilliQ 
water  (18.2  mf2/cm)  was  used  throughout.  Cy5amine  was  purchased  from  Lumiprobe. 
Monomers,  poly( ethylene  glycol)  monomethyl  ether  methacrylate  475  (PEGMA475),  ethylene 
glycol  dimethacrylate  (EGDMA)  and  trifluoroethyl  acrylate  (TFEA)  were  filtered  through  basic 
alumina  to  remove  radical  inhibitors  before  use. 
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The  human  PCa  cell  lines  PC3-PIP  and  PC3-FLU,  which  were  previously  modified  to  express 
DsRed  and  luciferase,  LNCaP,  DU145,  (both  sourced  from  American  Type  Culture  Collection 
(ATCC),  USA),  and  LNCaP-C42B  (abbreviated  as  “C42B”)  (from  Dr  Leland  Chung,  Cedars- 
Sinai  Medical  Center,  USA)  were  maintained  in  RPMI  media  containing  5%  fetal  bovine  serum 
(Gibco,  Life  Technologies).  All  cell  lines  were  incubated  at  37°C  in  a  humidified  atmosphere  of 
5%  CCL/air. 

Scheme  2.  The  post-polymerization  conjugation  pathways  used  in  the  generation  of  the  various 
PSMA-targeting  materials. 


Synthesis  of  Hyperbranched  Polymers.  The  synthetic  pathway  for  the  production  of 
hyperbranched  polymers  (HBPs)  5,  6,  8,  and  9  required  the  synthesis  of  several  precursors  1,  2, 
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3,  and  7,  including  the  core  HBP  platfonn  (4)  (Scheme  1),  from  which  the  post-polymerization 
conjugations  were  perfonned  (Scheme  2). 

Synthesis  of  Pentafluoroplienyl-(4-cyano-4-phenylethylsulfanylthiocarhonyl)sulfanyl 
pentanoate  (1).  The  synthesis  of  the  RAFT  chain  transfer  agent  (CTA-PFP)  was  adapted  from 
that  previously  published.  '  Briefly,  2-phenylethanethiol  (25  g,  181  mmol)  was  added  drop- 
wise  to  a  stirred  suspension  of  NaH  (7.6  g,  60%  in  mineral  oil,  190  mmol)  in  350  mL  of  diethyl 
ether  over  10  mins  at  5  °C.  The  reaction  was  left  to  stir  for  a  further  30  mins  after  which  carbon 
disulfide  (14.5  g,  190  mmol)  was  added  drop-wise  over  10  mins  and  left  to  stir  for  a  further  hour. 
The  solid  was  then  filtered  and  redispersed  in  diethyl  ether  (400  mL).  To  this,  iodine  (23  g,  90.5 
mmol)  was  added  portion-wise  and  stirred  for  3  h  at  room  temperature.  The  reaction  mixture  was 
filtered  and  the  filtrate  was  washed  three  times  with  sodium  thiosulfate  (0.25  M)  brine  and  dried 
over  anhydrous  magnesium  sulfate.  After  solvent  removal,  a  yellow  solid  resulted  (Bis- 
(phenylethylsulfanylthiocarbonyl)  disulfide).  Yield:  27.4  g  (71%). 

*H  NMR  (300  MHz,  CDC13)  6  (ppm):  7.40  -  7.18  (m,  5H,  Ar-H),  3.56  (m,  2H,  CH2),  2.98  (m, 
2H,  CH2). 

To  a  250  mL  round-bottom  flask  was  added  DCC  (3.64  g,  17.6  mmol)  and  ACVA  (2.06  g, 
7.35  mmol)  in  100  mL  of  THF  under  stirring  in  an  ice  bath  at  0°C.  The  solution  was  degassed 
with  N2  for  20  mins  before  the  addition  of  pentafluorophenol  (3.00  g,  16.3  mmol)  dissolved  in  10 
mL  of  cold  THF.  This  was  directly  followed  by  the  drop-wise  addition  of  DMAP  (0.361  g,  2.96 
mmol)  in  a  further  10  mL  of  cold  THF.  The  reaction  was  sealed  and  left  to  wann  to  room 
temperature  with  stirring  overnight.  The  solid  was  filtered  off  and  the  solvent  removed  under 
reduced  pressure  at  room  temperature  on  a  rotary  evaporator.  (CAUTION:  Explosion  risk.  A 
protective  shield  should  be  used  when  subjecting  azo-initiators  to  reduced  pressures  and 
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increased  temperatures.  The  crude  product  was  then  twice  dissolved  in  cold  acetonitrile  and 
filtered  to  remove  any  further  by  products.  This  was  purified  by  silica  gel  column 
chromatography  using  DCM  as  eluent.  The  first  fraction  resulted  in  a  viscous  yellow  oil  (ACVA- 
PFP).  Yield:  2.1  g  (45%). 

‘lT  NMR  (700  MHz,  DMSO -d6)  5  (ppm):  3.06  -  2.87  (m,  2H,  CH2),  3.06  -  2.87  (m,  2H,  CH2), 
1.76,  1.72  (2  s  (cis,  trans),  3H,  CH3). 

19F  NMR  (659  MHz,  DMSO-d6)  6  (ppm):  -152.97  (m,  2F,  o-Ar),  -157.85  (m,  IF,  />Ar),  - 
162.62  (m,  2F,  m-Ar). 

The  ACVA-PFP  (1.0  g,  1.6  mmol)  and  the  above  bis-(phenylethylsulfanylthiocarbonyl) 
disulfide  (0.582  g,  1.36  mmol)  were  dissolved  in  ethyl  acetate  and  heated  to  reflux  under  an  inert 
atmosphere  overnight.  The  solvent  was  removed  and  the  crude  product  was  purified  by  silica  gel 
column  chromatography  using  n-hexanexthyl  acetate  (85:15)  as  eluent.  The  second  fraction 
afforded  a  viscous  yellow  oil  (CTA-PFP  1).  Yield:  0.98  g  (74%). 

‘H  NMR  (700  MHz,  DMSO-J6)  6  (ppm):  7.33  -  7.21  (m,  5H,  Ar-H),  3.65  (m,  2H,  CH2),  3.13 
-  3.01  (m,  2H,  CH2),  2.96  (m,  2H,  CH2),  2.70  -  2.54  (m,  2H,  CH2),  1.90  (s,  3H,  CH3). 

19F  NMR  (659  MHz,  DMSO-J6)  5  (ppm):  -152.97  (d,  2F,  J  =  20.8  Hz,  o-Ar),  -157.78  (t,  IF,  J 
=  23.3  Hz, p-Ar),  -162.53  (t,  2F,7  =  22.1  Hz,  m-Ar). 

Synthesis  of  Cy 5 -methacrylamide  (2).  Methacrylic  acid  (2.2  g,  25.6  mmol),  EDC.HC1  (8.4  g, 
43.8  mmol)  and  DMAP  (61  mg,  0.50  mmol)  were  combined  and  dissolved  in  45  mL  of  DCM. 
This  was  stirred  in  an  ice  bath  for  20  minutes  to  which  was  then  added  drop-wise  a  solution  of 
PFP  (7.9  g,  43.0  mmol)  in  DCM  (5  mL)  and  left  to  stir  overnight.  After  the  reaction,  the  solvent 
was  removed  and  the  crude  product  was  purified  by  silica  gel  column  chromatography  using 
hexanexthyl  acetate  (90:10)  as  eluent  yielding  a  slightly  yellow  liquid  (4.62  g,  72%  yield). 
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‘H  NMR  (500  MHz,  CDC13)  5  (ppm):  6.45  (s,  1H,  CHH),  5.90  (s,  1H,  CHH),  2.08  (s,  3H, 
CH3). 

19F  NMR  (471  MHz,  CDC13)  6  (ppm):  -152.9  (d,  2F,  7  =  18.2  Hz,  o- Ar),  -158.23  (t,  IF,  7  = 
21.8  Hz  ,p- Ar),  -162.62  (dd,  2F,  7  =  21.3,  18.0  Hz,  m- Ar). 

Cy5-amine.2Cl  (9.6  mg,  0.0147  mmol)  was  dissolved  in  DMF  (0.5  mL)  to  which  was  slowly 
added  triethylamine  (1.55  mg,  0.0153  mmol).  Then  the  pentafluorophenol-activated  methacrylate 
ester  (4.5  mg,  0.0178  mmol)  was  added  drop-wise  to  the  solution  and  left  to  stir  overnight.  The 
product  was  purified  by  silica  gel  column  chromatography  using  first  hexane:ethylacetate 
(10:90)  to  remove  the  pentafluorophenol,  TEA  and  DMF.  Then  the  column  was  flushed  with 
DCM:ethyl  acetate:MeOH  (80:10:10)  resulting  in  10.8  mg  (>95%  yield)  of  a  blue  waxy  solid 
(Cy5-MA,  2). 

*H  NMR  (500  MHz,  CDC13)  6  (ppm):  7.85  (dd,  2H,  7  =  25.7,  12.7  Hz),  7.79  (m,  1H),  7.36  (dt, 
4H,  7  =  22.0,  6.9  Hz),  7.22  (m,  2H),  7.14  (d,  2H,  7  =  7.9  Hz  ),  7.08  (d,  2H,  7  =  7.9  Hz),  6.84  (t, 
1H,  7  =  12.6  Hz),  6.68  (m,  1H),  6.48  (d,  1H,  7  =  13.9  Hz),  6.24  (d,  1H,  7  =  13.5  Hz),  5.74  (s, 
1H),  5.26  (s,  1H),  4.08  (t,  2H,  7=  7.6  Hz),  3.59  (s,  3H),  3.28  (m,  2H),  3.21  (m,  2H),  2.35  (t,  2H, 
7=  7.1  Hz),  1.95  (s,  3H),  1.82  (m,  2H),  1.74  (m,  2H),  1.69  (m,  12H),  1.53  (m,  6H),  1.35  (m,  4H). 

No  signal  was  detected  in  the  19F  spectrum. 

ESI-MS  (positive  mode,  methanol):  Calculated  [M]+  -  649.45  g/mol;  measured  [M]+  -  649.82 
m/z. 

Synthesis  of  2-(3-(5-amino-l-carboxypentyl)ureido)pentanedioic  acid  (3).  (S)-di-tert -butyl  2- 
(3-((S)-6-amino-l-tert-butoxy-l-oxohexan-2-yl)ureido)pentanedioate  (glutamate  urea  PSMA 

22  40 

targeting  ligand)  was  synthesized  in  two  steps  based  on  the  method  previously  described.  ’ 
This  was  then  de-protected  through  the  addition  of  TFA  (0.1  mL)  in  DCM  (0.4  mL)  to  the  above 
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product  (0.080  g,  0.164  mmol)  with  vigorous  stirring.  This  was  left  overnight  whereupon  the 
product  (3)  was  extracted  three  times  with  water  and  lyophilized.  A  sticky  yellow  solid  was 
isolated  in  near  quantitative  yield  (GluUrea,  3). 

*H  NMR  (500  MHz,  DMSO -d6)  5  (ppm):  7.70  (s,  2H,  NH2),  6.33  (m,  2H,  CHNHCO),  4.11  - 
4.00  (m,  2H,  CH),  2.83  -  2.71  (m,  2H,  CH2NH2),  2.29  -  2.15  (m,  2H,  CH2COOH),  1.90  (m,  1H, 
CHCHH  CH2COOH),  1.74-1.61  (m,  2H,  CHCHH  CH2COOH  and  CH2CH2CHHCH),  1.52  (m, 
3H,  CH2CH2CHHCH  and  CH2CH2CH2NH2),  1.31  (m,  2H,  CH2CH2CH2CH). 

Synthesis  of  PSMA-targeting  Peptide.  The  PSMA  peptide  (E’E-Amc-Ahx-dEdEdEGYGGGC- 
NH2)  was  used  as  received  from  the  Department  of  Cancer  Biology,  Cleveland  Clinic, 

Cleveland,  Ohio.  The  peptide  was  assembled  using  standard  Fmoc  peptide  synthesis.  Detailed 

1 8 

synthesis  is  described  elsewhere. 


Synthesis  of  Hyperbranched  Polymers  (4-9).  The  HBP-PFP  (4)  was  synthesized  by  adding; 
PEGMA  (2.0  g,  4.21  mmol),  TFEA  (0.278  g,  1.86  mmol),  EGDMA  (0.0776  g,  0.391  mmol), 
Cy5-MA  (0.009  g  in  200  pF  DCM,  0.014  mmol),  CTA-PFP  (0.1978  g,  0.391  mmol)  and  AIBN 
(12.85g,  0.0783  mmol)  to  a  Schlenk  tube.  The  reagents  were  dissolved  in  THF  (3.8  mL)  and  the 
solution  was  degassed  with  N2  for  20  minutes,  sealed  and  submerged  in  an  oil  bath  at  75  °C  for 
24  hrs.  The  resultant  THF  solution  was  triturated  three  times  in  excess  hexane:ether  (70:30).  The 
product  was  a  highly  viscous  blue  oil  that  rapidly  settled  to  the  bottom  of  the  beaker  whereupon 
the  supernatant  was  decanted  off  and  the  product  redissolved  in  THF  and  the  precipitation 
repeated.  Note  that  dialysis  was  not  perfonned  as  to  avoid  hydrolysis  of  the  PFP-activated  esters. 
Yield:  2.22  g,  84%. 
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Molar  ratio  of  RAFT:PEGMA:TFEA  was  measured  from  'H  NMR  to  be  1:40:15.8 
respectively.  This  equates  to  a  mole  percentage  of  28%  TFEA  from  a  feed  ratio  of  30%.  This 
was  measured  through  the  integration  of  the  phenyl  moiety  of  the  CTA-PFP  (7.15  -  7.35  ppm) 
with  respect  to  the  methylene  of  both  the  PEGMA  (COOCH2CH2-)  and  TFEA  (COOCH2CF3)  at 
3.8  -  4.4  and  4.4  -  4.9  ppm  respectively.  The  length  of  a  single  chain  was  also  measured  in  this 
way. 

GPC- MALLS  -  70,200  g/mol;  Mw/Mn  =  1.83. 

The  HBP-control  (5)  was  produced  through  the  hydrolysis  of  the  PFP-activating  group 
contained  on  the  HBP-PFP.  This  was  achieved  by  dialysis  against  MilliQ  water  using  10k 
MWCO  snakeskin  tubing.  Dialysis  was  perfonned  for  3  days  with  replacement  of  the  dialysis 
solution  twice  daily.  Removal  of  PFP-activating  groups  was  confirmed  via  19F  NMR. 

The  end-group  conjugation  of  4  to  form  the  HBP-GluUrea  (6)  was  achieved  by  dissolution  of 
the  HBP-PFP  (200  mg,  0.0085  mmol  equivalents  of  PFP-activated  end-groups)  in  0.6  mL 
pyridine.  To  this  was  added  3  (6.0  mg,  0.019  mmol)  dissolved  in  a  further  0.2  mL  of  pyridine. 
This  was  left  to  stir  at  room  temperature  for  18  hrs  whereupon  the  crude  product  was  triturated 
three  times  in  excess  hexane:ether  (70:30).  This  was  further  purified  by  dialysis  against  MilliQ 
water  using  10k  MWCO  snakeskin  tubing.  Yield:  184  mg. 

HBP-peptide  (8)  was  produced  through  the  initial  conjugation  of  N-(  2- 
aminoethyljmaleimide.TFA  to  the  HBP-PFP  which  facilitated  the  Michael  addition  of  the  C- 
tenninal  sulfhydryl  from  the  cysteine  to  the  HBP.  Briefly,  4  (406  mg,  0.017  mmol  equivalents  of 
PFP-activated  end-groups)  was  dissolved  in  DCM  to  which  a  solution  of  N-( 2- 
aminoethyl)maleimide.TFA  salt  (9.3  mg,  0.037  mmol),  TEA  (7.3  mg,  0.072  mmol)  in  DMF  (0.1 
mL)  was  added  drop-wise.  This  was  left  to  stir  at  room  temperature  for  15  hrs  and  subsequently 
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triturated  three  times  resulting  in  a  blue  viscous  oil  (HBP-Maleimide,  7).  Yield:  396  mg.  200  mg 
of  7  was  then  dissolved  in  a  1  mM  EDTA  solution  of  0.1  M  PBS  (pH  7.4,  1.6  mL).  The  PSMA- 
targeting  peptide  (17.0  mg,  0.012  mmol)  was  then  added  and  left  to  stir  at  room  temperature  for 
20  hrs.  The  crude  product  was  triturated  three  times  in  excess  hexane:ether  (70:30)  and  further 
purified  by  dialysis  against  MilliQ  water  using  10k  MWCO  snakeskin  tubing  resulting  in  a  sticky 
blue  solid  (8).  Yield:  178  mg. 

HBP-J591  (9)  was  conjugated  to  the  HBP-PFP  by  the  dissolution  of  4  (2.4  mg,  1.04  x  10" 
4  mmol  equivalents  of  PFP-activated  end-groups)  in  1  mM  EDTA  solution  of  J591  antibody  (1.45 
mL,  2.3  mg/mL,  2.22  x  10°  mmol  containing  0.5  pL  of  TEA.  The  reaction  was  left  to  stir  at 
room  temperature  for  21  hrs.  The  conjugate  (9)  was  purified  through  successive  filtration  cycles 
using  a  100k  MWCO  Amicon  Ultra  Centrifugal  Filter  spin  membrane  until  the  filtrate  gave  no 
absorbance  at  647  nm  (from  the  Cy5  incorporated  in  the  unconjugated  HBP-PFP)  (Nanodrop, 
Thermo  Scientific). 

Nuclear  Magnetic  Resonance  Studies.  All  NMR  spectra  were  recorded  on  either  a  Bruker 
Avance  500  or  700  MHz  spectrometer  at  ambient  temperature  and  128  scans.  All  'fl  diffusion 
spectra  were  recorded  at  500  MHz  at  95%  gradient,  ambient  temperature  and  256  scans. 
Diffusion  ordered  spectroscopy  (DOSY)  was  used  to  measure  the  diffusion  coefficient  of  the 
HBPs  in  (CD3)2SO.  15  mg  of  HBP  was  dissolved  in  600  pL  of  (CD3)2SO  where  a  series  of  16 
spectra  were  collected  at  256  scans  each  using  a  linear  gradient  ramp  from  2  -  98  %  of  the 
maximum  gradient  strength.  A  gradient  duration  (d)  of  4.4  ms  and  diffusion  time  (D)  of  343.5 
ms  was  used  in  all  cases.  The  Stokes-Einstein  equation  was  then  used  to  calculate  hydrodynamic 
diameter  (Dh). 
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Gel  Permeation  Chromatography  -  Multiangle  Laser  Light  Scattering  Studies.  GPC-MALLS 
chromatographic  system  consisted  of  a  1515  isocratic  pump  (Waters),  a  111  auto  sampler 
(Waters),  Styragel  HT  6E  and  Styragel  HT  3  columns  (Waters),  2414  differential  refractive 
index  detector  (Waters)  and  a  Dawn  Heleos  laser  light  scattering  detector  (Wyatt).  THF  was  used 
as  the  mobile  phase  with  a  flow  rate  of  1  mL/min.  In  order  to  minimize  the  absorption  of  the 
light  scattering  laser  (658  mn)  by  the  Cy5-labelled  polymers  (kmax=  637  nm)  and  thus  providing 
false  scattering  signals,  the  Cy5  was  degraded  by  bubbling  the  HBP  in  THF  with  oxygen  for  one 
hour  and  left  overnight.  Number  average  molecular  weight  was  then  determined  using  the  dn/dc 
of  the  HBP  as  was  measured  in  solutions  of  THF  using  a  Pocket  Refractometer  (Atago,  Tokyo). 

UV-visible  Spectroscopy.  Samples  were  measured  on  a  NanoDrop  2000c  (Thermo  Scientific). 
HBPs  were  analyzed  to  obtain  chain  size  with  respect  to  CTA  end-group  in  acetonitrile 
calibrated  against  CTA-PFP  standards  (S309nm  =  10566  M'cm'1).  Similarly,  Cy5  content  in  the 
HBPs  was  calibrated  against  Cy5 -methacrylamide  standards  (S637nm  =  177207  M'cm'1)  and  J591 
using  S280nm  =  210000  M'Vm'1. 

Flow  Cytometric  Analysis  of  HBP  Internalization.  Cells  were  seeded  at  105  per  well  in  24 
well-plates  in  growth  media  overnight.  The  monolayers  were  then  incubated  with  fresh  growth 
media  (500  pL)  containing  HBP-control,  HBP-peptide,  HBP-J591  or  HBP-GluUrea  at  0.0125, 
0.05  or  0.2  pM  for  30,  120  or  240  min  at  37  °C.  Cells  were  washed  twice  in  PBS,  lifted  using 
trypsin  and  washed  twice  in  PBS  containing  5%  FBS  (FACSWASH).  Cells  were  then  run  on  a 
FACS  Canto  (BD  Bioscience,  USA)  and  data  analysed  using  Flowjo  software  (Tree  star,  USA). 
The  geometric  mean  fluorescence  intensity  (MFI)  of  Cy5  of  the  entire  cell  population,  and  the 
percentage  of  cells  positively  stained  with  Cy5  after  polymer  incubation,  were  used  to  assess 
PSMA-mediated  endocytosis.  In  the  competitive  binding  and  internalization  assays,  cells  were 
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incubated  with  a  mixture  of  HBP-peptide  (0.0125,  0.05  or  0.2  pM)  and  free  peptide  (2  pM)  for 
30  or  120  min  in  the  incubation  step. 

Confocal  Microscopy  Studies.  105  cells  were  grown  overnight  on  12  mm  diameter  glass 
coverslips  (Menzel-Glaser,  Germany)  placed  inside  the  wells  of  24-well  plates.  Cell  monolayers 
were  then  incubated  with  fresh  growth  media  (500pL)  containing  HBP-control,  HBP-peptide, 
HBP-J591  or  HBP-GluUrea  at  0.2  pM  for  120  min  at  37  °C.  Cells  were  fixed  with  4  % 
paraformaldehyde  in  PBS  for  15  min,  penneabilized  with  0.5  %  Triton  X100  in  PBS  for  10  min, 
and  nuclear  stained  with  4’,6-diamidino-2-phenylindole  (DAPI)  (Life  Technologies,  USA)  in 
PBS  for  20  min.  The  cells  were  washed  thrice  in  PBS  after  each  of  the  aforementioned  steps.  The 
coverslips  were  then  mounted  onto  microscope  slides  using  Mowiol  4-88  (Sigma-Aldrich,  USA), 
and  fluorescence  images  were  acquired  with  an  Olympus  FV1200  confocal  microscope. 

Animal  Studies.  All  studies  were  in  accordance  with  guidelines  of  the  Animal  Ethics 
Committees  of  Queensland  University  of  Technology  (QUT)  and  The  University  of  Queensland 
(UQ),  and  Australian  Code  for  the  Care  and  Use  of  Animals  for  Scientific  Purposes.  PC3-PIP 
and  PC3-FLU  cells  were  lifted  from  culture  flasks  with  trypsin,  washed  twice  with  FAC  SWASH 
and  re-suspended  at  107  cells/mL  in  serum-free  media.  Male  BALB/c  nude  mice  (Australian 
Resources  Centre,  Australia)  were  anaesthetized  by  isoflurane  inhalation  then  implanted 
subcutaneously  with  106  PC3-PIP  cells  and  106  PC3-FLU  cells  on  opposite  flanks.  Tumor  size 
was  monitored  by  caliper  measurements  twice  per  week,  and  in  vivo  fluorescence  imaging  using 
an  In-Vivo  Xtreme  (Bruker,  Germany)  imaging  station  weekly  through  excitation  of  the  DSRed 
fluorophore.  Three  weeks  after  tumor  cell  implantation,  100  pL  of  HBP-peptide  at  10  mg/ml  was 
injected  into  the  tail  vein  of  each  mouse  and  live  animal  fluorescence  imaging  was  performed  1, 
3,  and  6  days  post- injection.  Images  were  acquired  using  an  excitation  filter  of  630  nm  and  an 


15 


emission  filter  of  700  nm  for  Cy-5,  while  DsRed  acquisitions  used  an  excitation  filter  of  540  nm 
and  an  emission  filter  of  600  nm.  Mice  were  anaesthetized  with  2  %  isofluorane  during  the 
experiments.  Ex  vivo  imaging  of  harvested  organs  was  performed  on  the  IVIS  Spectrum 
(Xenogen,  USA)  following  the  same  protocols  as  above.  100  pL  of  HBP-peptide  (n  =  4)  or  HBP- 
control  (n  =  1)  at  5  mg/ml  was  injected  into  the  tail  vein  of  a  mouse.  Mice  were  then  euthanized 
after  48  h,  and  relative  fluorescence  of  harvested  organs  was  measured. 

Statistical  Analysis.  In  all  cases,  data  analysis  was  performed  using  multiple  t-tests  using 
GraphPad  Prism  v6  software.  Differences  of  p  <  0.05  were  considered  to  be  statistically 
significant.  All  data  was  obtained  from  biological  experiments  performed  a  minimum  of  three 
times. 


RESULTS  AND  DISCUSSION 

This  report  aims  to  investigate  the  targeting  efficiency  of  three  different  targeting  ligands 
towards  PSMA  following  conjugation  to  a  polymeric  nanomaterial.  A  HBP  was  used  as  a  model 
nanomedicine  and  was  designed  to  allow  for  direct  comparison  of  the  targeting  ability  and 
uptake  efficacies  between  a  small  molecule  glutamate  urea  ligand,  a  peptide  ligand  and 
monoclonal  antibody-decorated  HBP.  While  these,  and  similar  moieties  have  been  investigated 
previously  as  described  in  the  introduction  section,  direct  comparison  between  the  different 
systems  is  difficult  due  to  the  various  constructs  used  to  deliver  the  targeting  ligand.  Thus,  to 
address  this  issue  a  core  nanomaterial  was  developed  from  which  all  post-polymerization  ligation 
could  be  achieved  using  a  single  conjugation  strategy.  Consequently,  all  subsequent  HBP 
bioconjugates  inherited  the  same  core  HPB  properties  of  chemical  functionality,  size,  and 
chromogenic  properties.  The  core  platfonn  was  synthesized  as  outlined  in  Scheme  1.  The 
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advantage  of  such  a  synthetic  route  allows  for  the  PFP-activated  end  groups  to  be  directly 
conjugated  to  the  targeting  ligand  to  form  HBP-GluUrea  (6),  HBP-J591  (9)  or  HBP-Peptide  (8). 
Hydrolysis  of  the  HBP-PFP  (4)  generated  the  acid-tenninated  control  (HBP-Control  (5)).  These 
facile  strategies  were  perfonned  under  mild  conditions  thus  minimising  any  deleterious  effects  to 
the  integrity  of  the  polymer,  Cy5  dye  or  other  functional  chain  end-groups  in  the  polymer. 

Synthesis  of  Hyperbranched  Polymers.  The  HBP  core  nanomaterial  (HBP-PFP)  was 
synthesized  using  PEGMA,  TFEA,  Cy5 -methacrylamide,  CTA-PFP  and  EGDMA  as  a  branching 
agent  using  a  facile  methodology  that  utilizes  well-established  RAFT  chemistry.'  ’  ’  ’  As 
such,  HBPs  4,  5,  6,  7,  and  8  (Scheme  2)  were  characterized  using  1H,  13C  and  19F  NMR,  GPC- 
MALLS  and  UV -visible  spectroscopy  in  order  to  fully  elucidate  the  number  of  branches  per 
polymer,  the  integrity  of  chain-ends  following  modification  strategies,  as  well  as  the  coupling 
efficiency  of  each  targeting  ligand.  Owing  to  the  complexity  of  large  protein-polymer 
conjugates,  HBP-J591  was  characterized  by  SDS-PAGE  and  UV-visible  spectroscopy  since 
there  was  insufficient  material  to  undertake  NMR  spectroscopy.  Shown  in  Figure  1  is  the  19F 
NMR  spectrum  depicting  the  change  in  19F  spectra  between  the  CTA-PFP,  HBP-PFP,  and  the 
HBP-Control.  There  is  a  clear  upfield  shift  in  the  19F  resonances  following  polymerization  (- 
153.3,  -157.9,  and  -162.6  ppm),  while  an  obvious  band  broadening  also  occurs  due  to  the  change 
in  molecular  mobility  of  the  fluorine-containing  species  between  the  small  molecule  and  the 
larger  HBP.  This  is  consistent  with  other  studies  investigating  the  RAFT-synthesized  PFP  end- 
group  functionality  of  linear  polymers.38  The  broad  signal  at  -72.3  ppm  is  due  to  the  presence  of 
the  fluorinated  monomer,  TFEA,  and  is  also  seen  in  the  19F  spectrum  of  the  HBP-Control  and  is 
consistent  with  our  recent  reports.34  The  HBP-Control  was  fonned  through  the  hydrolysis  of  the 
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HBP-PFP  to  produce  the  deprotected  acid.  Deprotection  was  chosen  to  avoid  any  inadvertent 
coupling  during  subsequent  analyses  and  was  performed  through  hydrolysis  of  the  PFP -ester 
functionality  by  dialysis.  The  FIBP-Control  was  dialysed  for  3  days  whereupon  no  observable 
signal  was  present  from  the  PFP  moiety  after  this  time  (Figure  SI).  It  was  found  that  the 
hydrolysis  of  FIBP-PFP  proceeded  with  a  42.5  h  half-life  so  that  95%  hydrolysis  was  achieved 
after  264  h. 


CTA- 

PFP  (1) 

J 

l _ 

1 

HBP-PFP  (4) 

A  1 

1 

HBP-control  (5) 

J  L 
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Figure  1.  The  19F  NMR  spectra  of  CTA-PFP,  HBP-PFP,  and  HBP-Control. 

Coupling  of  Ligands  to  HPPs.  The  HBP-GluUrea  was  prepared  through  the  conjugation  of 
GluUrea  (3)  to  HBP-PFP  (4).  The  confirmation  of  successful  conjugation  is  evidenced  by  the  1 H 
spectra  of  the  HBP-PFP  and  HBP-GluUrea,  performed  in  DMSO-J6,  where  the  appearance  of 
both  the  ureido  protons  (assigned  at  6.3  ppm)  and  the  amino  proton  (assigned  at  7.75  ppm)  are 
observed  in  agreement  with  previously  published  work  (Figure  S2).“  This  is  further  supported  in 
the  stacked  C  NMR  spectra  (Figure  2),  where  the  three  carbonyl  signals  from  the  glutamate  (- 
173  to  -175  ppm)  become  evident  in  the  HBP-GluUrea  spectrum  (Figure  2;  peaks  a). 
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Importantly,  disappearance  of  the  carbonyl  PFP-ester  following  amido-formation  (disappearance 
of  peak  b)  confirms  amidation,  while  the  carbonyl  attributed  to  the  urea-group  also  appears  in  the 
new  conjugate  (peak  c).  These  three  spectral  signatures  in  the  C  NMR  suggest  successful 
formation  of  HBP-GluUrea. 


HBP-GluUrea  (6) 


183  181  179  177  175  173  171  169  167  165  163  161  159  157  155 

ppm 


Figure  2.  The  13C  NMR  spectra  of  the  HBP-PFP,  FfBP-GluUrea  and  the  GluUrea.  Highlighted 
regions  show;  (a)  the  glutamate  carbonyl  signal  in  (6),  (b)  the  PFP-ester  carbonyl  end-group  and, 
(c)  the  urea  carbonyl  peak. 


The  HBP-Peptide  was  obtained  from  a  two-step  ligation  in  which  /V-  ( 2  -  a  m  i  n  o  c  t  h  y  1 )  m  a  1  e  i  m  i  d  e 
was  first  reacted  with  the  PFP-active  end-groups  on  the  HBP-PFP  to  produce  maleimide- 
functional  end-groups.  The  HBP-Peptide  was  then  fonned  through  the  reaction  of  the  maleimide 
end-groups  with  the  C-tenninal  cysteine  of  the  peptide  via  the  well-known  addition  of  sulfhydryl 
to  a  maleimide.  Shown  in  Figure  3  are  the  'll  diffusional  spectra  highlighting  the  disappearance 
of  the  vinylic  protons  at  6.98  ppm  originating  from  the  loss  of  the  maleimide  after  reaction  with 
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the  cysteine  on  the  protein  (Figure  3;  peak  a).  After  addition  of  the  peptide,  it  can  be  seen  that  the 
proton  spectrum  develops  signals  owing  to  the  peptide  such  as  the  aromatic  tyrosine  signals 
(7.00  and  6.62  ppm)  highlighted  in  Figure  3  (peak  b).  Successful  FIBP-Peptide  formation  is 

1  "5 

further  supported  by  the  C  NMR  spectra  (Figure  S3)  in  which  the  vinylic  carbons  from  the 
maleimide  at  134.5  ppm  disappears  as  they  are  converted  to  aliphatic  carbons  while  aromatic 
tyrosine  peaks  appear  at  155.7,  130.0,  127.8,  and  1 15.0  ppm. 


Figure  3.  H  diffusion  NMR  spectra  of  HBP-Maleimide  and  HBP-Peptide  compared  against  the 
1 H  NMR  spectrum  of  the  peptide  alone.  Highlighted  regions  show;  (a)  the  vinylic  protons  from 
the  maleimide  and,  (b)  the  aromatic  tyrosine  protons. 


20 


Figure  4.  The  SDS-PAGE  analysis  of  the  HBP-J591  visualising:  a)  proteins  and,  b)  Cy5 
fluorescence  signals.  Numbered  lanes  are:  I)  reduced  Antibody,  II)  Antibody,  III)  HBP-Control 
(2.7  pM),  IV)  HBP-Control  (5.4  pM),  V)  reduced  HBP-J591,  VI)  HBP-J591.  Circled  regions 
depict:  i)  Fluorescent  Antibody,  ii)  Fluorescent  heavy  chain  fragment,  iii)  HBP  not  retained. 

The  analysis  of  the  HBP-J591  was  performed  using  SDS-PAGE  and  UV-vis  spectroscopy. 
UV-Vis  suggested  1.85  antibodies  were  bound  per  HBP  and  was  calculated  by  the  ratio  of  the 
antibody  absorbance  at  280  nm  (S280nm  =  210,000  M^cnT1)  to  that  of  the  Cy5  present  on  the 
HBP-PFP  (S647nm  =  177200  iVT'cm'1).  UV-Vis  does  not  provide  a  means  of  determining  if  all 
antibodies  are  actually  attached  to  a  HBP,  or  associated  loosely  through  physical  interactions. 
Conversely,  it  is  expected  that  there  exists  no  free  HPB-PFP  as  its  removal  was  monitored  by 
UV-Vis  measurements  of  the  filtrate  as  the  HBP-J591  was  repeatedly  passed  through  a  100  kDa 
centrifugal  filtration  column.  In  order  to  assess  the  conjugation  reaction  in  a  more  quantitative 
manner,  the  HBP-J591  was  run  on  a  SDS-PAGE  gel  (Figure  4).  The  protein  channel  (Figure  4a) 
clearly  shows  the  antibody  and  corresponding  fragments  after  reduction  using  TCEP  (Lanes  II 
and  I  respectively).  As  expected,  the  HBP-Control  shows  no  protein  signal  (Figure  4a,  Lanes  II 
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and  IV)  while  the  HBP-J591  and  reduced  HBP-J591  give  strong  bands  in  lanes  V  and  VI.  The 
Cy5  fluorescence  of  the  same  gel  (Figure  4b)  shows  no  signal  for  the  antibody  (Lanes  I  and  II) 
while  the  HBP-Control  appears  not  to  travel  coherently  through  the  gel.  A  strong,  unretained 
band  however  can  be  seen  (Figure  4b  iii)  showing  the  presence  of  either  HBP-Control  (lanes  III 
and  IV),  or  as  unreacted  HBP  (lanes  V  and  VI).  Importantly,  the  Cy5  signals  highlighted  with  a 
red  circle  in  Figure  4b  (i  and  ii),  indicate  that  the  HBP  is  conjugated  to  the  antibody,  particularly 
the  heavy  chain  in  the  reduced  lane  (Figure  4b;  red  circle  ii).  The  light  chain  is  not  expected  to  be 
as  strong  in  Cy5  signal  (and  therefore  HBP)  due  to  the  relative  size  as  compared  to  the  heavy 
chain.  It  should  be  noted  that  due  to  the  small  working  amounts  of  antibody  and  therefore  HBP- 
J591,  it  was  not  possible  to  obtain  NMR,  GPC  or  other  data  to  verify  the  successful  conjugation 
of  the  antibody  to  the  HBP. 

As  a  summary,  Table  1  outlines  the  properties  of  all  HBP  materials  that  were  synthesized.  The 
molecular  weight  (Mn)  of  the  HBP-PFP,  as  measured  by  GPC-MALLS,  was  70200  Da  ±  1.7  %. 
The  average  chain  size  using  both  'H  NMR  and  UV-Vis  measurements  was  calculated  to  be 
approximately  23400  Da,  and  thus  the  total  number  of  PFP-activated  end-groups  available  for 
functionalization  on  the  initial  HBP  amounted  to  approximately  3.  The  calculation  of  the  number 
of  conjugated  ligands  was  obtained  by  1 H  NMR  (Figure  5).  This  was  perfonned  by  taking  the 
ratio  of  the  integration  of  the  five  protons  from  the  phenyl  moiety  of  the  CTA-PFP  (7.15  -  7.35 
ppm)  (Figure  5a)  with  respect  to  either;  the  two  urea  protons  on  the  GluUrea  (Figure  5b),  the  two 
vinylic  protons  on  the  maleimide  (Figure  5c),  or  the  four  protons  from  the  aromatic  side-chain  of 
the  tyrosine  fragment  along  the  peptide  (Figure  5d).  It  was  determined  that  the  conjugation  of  the 
maleimide,  peptide  and  GluUrea  were  all  achieved  in  quantitative  yield  and  therefore  resulted  in 
approximately  3  ligands  per  HBP.  As  described  above,  the  number  of  antibodies  per  HBP  was 
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estimated  by  UV-Vis  spectroscopy  and  resulted  in  approximately  1.86  antibodies  per  HBP.This 
highlights  the  successful  synthesis  of  the  various  HBP,  and  the  facile  nature  the  PFP-activated 
end-group  ligation  strategy.  Further,  the  attachment  of  either  the  maleimide  or  the  GluUrea 
involved  the  reaction  of  a  reactive  amine  nucleophile  with  the  activated  PFP-ester.  This  is  known 
to  cause  amino  lysis  of  RAFT  CTAs,  however  did  not  appear  to  occur  to  any  measureable 
extent  for  the  current  system.  This  may  be  evidenced  in  Table  1.  by  the  lack  of  significant 
average  chain  size  increase  as  would  occur  if  the  trithiocarbonate  end-group  were  to  undergo 
aminolysis.  Using  both  ’H  NMR  and  UV-vis  spectroscopy  of  the  HBP-Mal  or  HBP-GluUrea,  in 
comparison  to  HBP-PFP,  average  chain  size  is  calculated  as  24000  or  26750  Da  respectively. 

As  expected,  the  hydrodynamic  diameter  (in  DMSO-Je,  Dh)  of  4.3  mn  for  the  HBP-Control  (no 
end-group  modification)  increases  up  to  6.7  mn  as  the  molar  mass  of  the  ligands  increases.  The 
Cy5  intensity  remained  relatively  constant  for  all  polymers  throughout  the  modifications  (0.14  - 
0.18  Cy5  dyes  per  HBP). 

The  synthesis  of  all  HBPs  from  the  same  core  allowed  the  physicochemical  properties  of  the 
nanomaterials  to  be  the  same,  unless  dictated  by  the  targeting  ligand.  Thus,  any  differences 
between  their  ability  to  target  the  PSMA  receptor  is  related  predominantly  to  the  ligand  (not  the 
carrier  nanomaterial). 


Table  1.  The  summary  of  the  various  properties  of  the  HBP  constructs. 


GPC 

Chain 

size 

Chains 

Ligands/ 

Ligands 

Cy5/ 

Dh 

MALLS 

(g/mol) 

/HBP 

RAFT 

/HBP 

HBP 

(mn) 

(Mn,  g/mol) 

(D,  mn) 

end- 

** 

lK 

NMR 

UV-vis 

group* 
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HBP-PFP 

70,200  ± 

1.7%  (1.83) 

22,000 

24,800 

3.0 

0.15 

5.3 

HBP- 

control 

55,800  ± 

6.8% 

(1.42) 

27,100 

30,100 

0.14 

4.3 

HBP- 

GluUrea 

24,800 

23,200 

1:1.1 

3.3 

0.18 

6.1 

HBP- 

Maleimide 

27,500 

26,000 

1:1 

3 

0.15 

6.2 

HBP- 

Peptide 

28,900 

23,400 

1:1.1 

3 

0.15 

6.7 

HBP-J591 

- 

1.86* 

N/A 

^Determined  by  H  NMR. 

**  Determined  in  DMSO-c/r,  using  Diffusion  Ordered  Spectroscopy  and  the  Stokes-Einstein 
equation. 

i  Detennined  by  calculating  the  ratio  of  Cy5  (647  mn)  per  HBP-PFP  to  the  Antibody  (280  mn). 
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Figure  5.  The  integrated  H  NMR  spectra  highlighting  a)  the  five  protons  from  the  phenyl 
moiety  of  the  CTA-PFP  (7.15  -  7.35  ppm),  b)  the  two  urea  protons  on  the  GluUrea,  c)  the  two 
vinylic  protons  on  the  maleimide  and,  d)  the  four  protons  from  the  aromatic  side-chain  of  the 
tyrosine  fragment  along  the  peptide. 


In  Vitro  and  In  Vivo  Analysis.  The  binding  of  the  various  HBPs  by  PSMA  was  investigated 
using  PC3-PIP  (PSMA-proficient)  and  PC3-FLU  (PSMA-deficient)  cells  across  a  range  of 
concentrations  and  incubation  durations.  Flow  cytometric  analysis  showed  that  PC3-PIP  cells 
had  significantly  greater  Cy5  uptake  as  compared  to  PC3-FLU  cells  following  incubation  with 
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HBP-peptide  under  multiple  conditions  (Figure  6Ai  &  ii).  This  was  both  in  terms  of  the 
geometric  MFI  of  Cy5  of  the  entire  cell  population  (Figure  6Ai)  and  the  percentage  of  cells 
positively  stained  (Figure  6Aii).  Similar  trends  were  observed  when  PC3-PIP  and  PC3-FLU  cells 
were  incubated  with  HBP-J591  under  the  same  culture  conditions  (Figure  6Bi  &  ii).  These 
results  suggest  that  HBP-peptide  and  HBP-J591  were  bound  to  the  cells  via  PSMA  in  a  dose- 
dependent  and  time-dependent  manner.  In  contrast,  no  difference  in  Cy5  signal  was  observed 
between  the  two  cell  lines  incubated  with  HBP-GluUrea  (Figure  6Ci  &  ii)  or  HBP-control 
(Figure  6Di  &  ii). 
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Figure  6.  Flow  cytometric  analysis  of  PC3-FLU  cells  (PSMA-deficient;  black  bars)  and  PC3- 
PIP  cells  (PSM A-prolicicnt;  red  bars)  incubated  with  hyperbranched  polymers;  HBP-peptide 
(A),  -J591  (B)  -GluUrea  (C)  or  -control  (D),  at  0.0125,  0.05  or  0.2  pM  concentrations  for  30, 
120  or  240  mins.  Analysis  was  performed  to  assess  Cy5  signal  in  cells  given  as  the  geometric 
mean  fluorescence  intensity  (MFI)  of  Cy5  of  the  entire  cell  population,  and  the  percentage  of 
cells  positively  stained.  Three  independent  experiments  were  perfonned  (n  =  3). 


27 


To  confirm  these  findings  and  to  visualize  intracellular  Cy5,  confocal  microscopy  was 
perfonned  for  each  HBP.  Consistent  with  the  flow  cytometry  results,  Cy5  accumulation  could  be 
seen  within  PC3-PIP  cells  but  not  PC3-FLU  cells  following  incubation  with  HBP-peptide  and 
HBP-J591  (Figure  7).  Minimal  Cy5  signal  was  detected  following  incubation  with  HBP-GluUrea 
or  HBP-control,  suggesting  similar  binding  as  that  observed  for  the  flow  cytometry.  To  this 
point,  we  have  provided  in  vitro  evidence  that  following  attachment  of  the  peptide  and  J591  to 
our  HBP  backbone,  their  specificity  for  PSMA  is  preserved  and  can  mediate  endocytosis  into 
prostate  cancer  cells.  The  lack  of  specificity  for  PSMA  by  HBP-GluUrea  was  surprising  given 
that  glutamate  urea  is  showing  promise  in  clinical  trials  as  a  PSMA-targeting  agent  for  prostate 
cancer  imaging.  ’  ’  In  this  study  we  attribute  the  poor  specificity  and  binding  of  the  HBP- 
GluUrea  to  differences  that  might  arise  from  the  construct  to  which  the  glutamate  urea  is 
attached.  The  HBP  used  in  this  study  contains  predominantly  hydrophilic  PEGMA  monomers 
with  a  28  %  molar  ratio  of  hydrophobic  TFEA  monomer  (used  to  provide  potential  19F  MR 
imaging  capabilities).  We  hypothesize  that  this  added  hydrophobicity  may  affect  the  insertion 
into  the  pocket  of  the  GCPII  receptor  through  re-arrangement  of  the  polymer  chains  such  that 
presentation  of  the  ligand  is  not  ideal  for  binding  to  the  antigen.  This  effect  will  be  studied  in 
future  work  in  which  longer  pegylated  linkers  can  be  attached  to  the  polymer  to  investigate  if  this 
additional  hydrophilicity  improves  binding  of  the  small  molecule  substrate. 
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Figure  7.  PSMA-mediated  endocytosis  of  HBP-peptide  and  -J591  was  confirmed  by  confocal 
microscopy.  PC3-FLU  and  PC3-PIP  cells  were  incubated  with  HBP-control,  -peptide,  -J591  or  - 
GluUrea  at  0.2 liM  for  1 20mins.  Confocal  microscopy  was  performed  to  assess  Cy5  signal  in 
cells;  DAPI  (nuclear),  DsRed  (cytosolic)  and  Cy5  staining  is  shown. 


Since  J591  is  a  well-characterized  PSMA  ligand  that  has  also  been  evaluated  in  PCa  patients  as 
an  imaging  agent,  we  decided  to  further  extend  our  study  of  the  HBP-peptide  with  additional  in 
vitro  and  in  vivo  experiments.  To  further  confirm  the  specificity  of  HBP-peptide  for  PSMA, 
competitive  binding  experiments  were  perfonned  in  which  PC3-PIP  and  PC3-FLU  cells  were 
incubated  with  a  mixture  of  the  HBP-peptide  and  free  peptide  at  10  to  160-fold  molar  excess. 
Flow  cytometric  analysis  revealed  that  co-incubation  with  free  peptide  inhibited  binding  of  HBP- 
peptide  to  PC3-PIP  cells  under  multiple  polymer  concentrations  and  time  points  (Figure  8A).  As 
expected,  no  effect  of  the  free  peptide  was  seen  on  PC3-FLU  cells  (Figure  8B). 
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In  order  to  validate  the  applicability  of  HPB-peptide  in  other  prostate  cancer  cell  lines, 
competitive  binding  assays  were  also  performed  on  LNCaP  and  C42B  cells  (both  PSMA- 
proficient)  and  DU145  cells  (PSMA-deficient).  Co-incubation  with  free  peptide  inhibited 
PSMA-mediated  endocytosis  in  both  LNCaP  and  C42B  cells  across  multiple  polymer 
concentrations,  whereas  it  had  no  effect  on  DU145  cells  (Figure  8C-E).  The  magnitude  of  HBP- 
peptide  uptake  (based  on  Cy5  MFI)  between  the  three  PSMA -proficient  cell  lines  tested  varied, 
with  PC3-PIP  cells  exhibiting  the  highest.  This  is  attributed  to  variation  between  the  cell  lines 
such  as  PSMA  abundance/expression  level,  post-translational  modifications  (e.g.  glycosylation) 
of  PSMA,  and  inherent  endocytosis/metabolic  rates. 
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Figure  8.  Competitive  binding  and  internalization  assays  confirmed  that  endocytosis  of  HBP- 
peptide  is  PSMA-mediated.  Geometric  MFI  of  Cy5  is  shown.  PC3-PIP  (A)  and  PC3-FLU  cells 
(B)  were  incubated  with  HBP-peptide  at  0.0125,  0.05  or  0.2 liM  concentrations  with  or  without 
free  peptide  (2  pM)  for  30  or  120  mins.  Three  independent  experiments  were  performed.  LNCaP 
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(C)  and  C42B  (D)  (both  PSMA -proficient)  and  DU145  cells  (E)  (PSMA-deficient)  were 
incubated  with  HBP-peptide  at  0.0125,  0.05  or  0.2  pM  with  or  without  free  peptide  (2  pM)  for 
120  mins.  Four  independent  experiments  were  perfonned  (n  =  4). 


Our  in  vitro  data  shows  that  both  HBP-peptide  and  HBP-J591  show  comparable  PSMA- 
targeting  potential  in  our  study.  Indeed,  we  previously  showed  that  J591  conjugated  to  iron  oxide 
magnetic  nanoparticles  homed  to  pre-established  orthotopic  LNCaP  tumors  in  mice.43  For  this 
study  however,  to  further  test  the  targeting  efficiency  and  future  utility  of  the  nanomedicine  we 
decided  to  focus  and  develop  HBP-peptide  further  since  it  has  been  less  well-characterized  than 
the  antibody,  and  as  a  smaller  molecule,  potentially  has  decreased  effect  on  the  overall  biological 
behaviour  of  the  nanomedicines.  Thus,  the  potential  of  HBP-peptide  to  target  and  detect  PSMA- 
expressing  prostate  tumors  was  then  assessed  in  vivo.  A  B ALB/c  nude  mouse  bearing 
subcutaneous  PC3-PIP  and  PC3-FLU  on  opposite  flanks  was  injected  intravenously  with  HBP- 
peptide  and  imaged  for  Cy5  at  various  time  points  (24,  72,  and  144  h)  post  injection  (Figure  9A). 
The  DsRed  signal  from  the  PC3  tumors  clearly  defines  the  two  different  tumors  at  the  72  h  time 
point.  At  the  24  h  time  point,  accumulation  in  both  tumors  is  observed  as  well  as  in  the  kidney 
and  heart.  The  kidney  is  one  potential  route  of  excretion  and  is  often  observed  for  polymers  of 
this  size  (-10  nm),  ’  while  the  additional  signal  in  the  upper  region  of  the  animal  is  likely 
blood  in  the  heart  from  circulating  polymer.  This  arises  due  to  the  enhanced  circulation  time 
afforded  to  the  nanomedicine  from  the  PEG.  At  72  h,  the  strong  kidney  signal  is  no  longer 
observed  (most  material  cleared  form  this  organ),  while  significantly  enhanced  uptake  in  the 
PC3-PIP  compared  to  the  PC3-FLU  is  observed.  Similarly,  at  144  h  post-injection,  significant 
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signal  is  only  observed  in  the  PC3-PIP  tumor  highlighting  the  enhanced  targeting  of  the 
nanomedicine  to  PSMA-expressing  cells  in  the  animal. 

In  order  to  investigate  the  relative  uptake  into  PC3-PIP  and  PC3-FLU  cells  in  the  region  of 
greatest  accumulation  (i.e.  up  to  48  hrs  post-injection),  an  additional  in  vivo  fluorescence  study 
was  conducted.  BALB/c  nude  mice  bearing  subcutaneous  PC3-PIP  and  PC3-FLU  on  opposite 
flanks  were  injected  intravenously  with  either  HBP-peptide  (n  =  4)  or  HBP-control  (n  =  1),  and 
then  imaged  for  Cy5  at  various  time  points  (2,  8,  24,  and  48  h)  post  injection.  Uptake  of  Cy5  by 
PC3-PIP  tumors  was  apparent  2  h  post  injection,  which  increased  progressively  up  to  the  48  h 
time  point  (Figure  S4).  In  contrast,  minimal  Cy5  was  detected  within  PC3-FLU  tumors  at  any 
time  point  up  to  24  h.  Moreover,  injection  of  the  control  polymer  (no  ligand)  showed  minimal 
uptake  in  either  tumor  (Figure  S5).  This  data  supports  our  in  vitro  results  and  shows  that  the 
targeted  HBP  clearly  showed  greater  accumulation  in  PSMA-expressing  tumors  at  a  very  early 
stage  following  injection  of  the  HPB-peptide. 

In  order  to  assess  the  anatomical  distribution  of  HBP-peptide  48  h  post  injection,  ex  vivo 
imaging  of  the  tumors  and  various  organs  was  perfonned.  Significantly  greater  accumulation  of 
Cy5  in  PC3-PIP  tumors  over  PC3-FLU  tumors  was  confirmed  ex  vivo  (Figure  9B).  A  low  but 
detectable  accumulation  of  Cy5  within  PC3-FLU  tumors  was  observed,  possibly  through  the 
enhanced  penneability  and  retention  (EPR)  effect  of  tumors.  HBP-peptide  uptake  by  kidney, 
spleen  and  liver  was  apparent,  but  relatively  low,  and  indicates  that  these  polymers  do  not  exhibit 
extensive  uptake  by  organs  of  the  reticuloendothelial  system  (RES)  as  has  been  previously 
demonstrated  for  pegylated  materials.  Thus,  HBP-peptide  is  endocytosed  into  prostate  cancer 
cells  via  PSMA  to  a  relatively  high  extent  highlighting  the  potential  of  this  targeted 
nanomedicine  for  future  therapeutic  and  imaging  applications. 
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Figure  9.  (A)  A  representative  BALB/c  nude  mouse  bearing  subcutaneous  PC3-FLU  (left  flank) 
and  PC3-PIP  (right  flank)  tumors  injected  intravenously  with  HBP-peptide  and  Cy5  localization 
imaged  using  the  In-Vivo  Xtreme  at  l,  3,  and  6  days  post  injection.  (B)  Box  and  Whiskers  plot 
(mean;  min  to  max)  of  average  radiance  efficiency  (Cy5)  of  various  tissues/organs  following 
excision  48  h  post-injection  with  HBP-peptide  (n  =  4)  with  an  accompanying  representative 
fluorescence  image. 


CONCLUSION 
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In  conclusion,  targeting  nanomedicines  to  PSMA  holds  promise  for  improving  the  clinical 
management  of  PCa.  The  ability  to  direct  therapeutic  payloads  to  locoregional  lymph  node 
metastases  and  bone  metastases  would  have  major  implications  in  PCa  treatment,  while 
simultaneous  imaging  would  also  assist  in  management  decisions  for  patients  on  active 
surveillance  or  with  a  rise  in  prostate  specific  antigen  levels,  suggestive  of  disease  recurrence. 
Importantly,  nanomedicines  offer  the  opportunity  not  only  to  deliver  therapeutics  to  a  particular 
site,  but  also  to  monitor  their  release  and  subsequent  response.  In  this  project,  we  provide  solid 
proof-of-concept  data  that  hyperbranched  polymers  conjugated  with  PSMA  ligands,  in  particular 
the  peptide,  have  potential  both  as  imaging  agents  and  for  targeted  drug  delivery,  with  the  ability 
to  monitor  the  response  in  real  time  for  patients  with  PCa. 
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Theranostics  offers  an  improved  treatment  strategy  for  prostate  cancer  by  facilitating  simultaneous  target¬ 
ing  of  tumour  cells  with  subsequent  drug  delivery  and  imaging.  In  this  report  we  describe  the  synthesis  of 
hyperbranched  polymers  that  are  biocompatible,  can  specifically  target  and  be  internalised  by  prostate 
cancer  cells  (through  targeting  of  prostate-specific  membrane  antigen  -  PSMA)  and  ultimately  facilitate 
controlled  delivery  of  a  model  drug.  The  theranostic  also  incorporates  a  far-red  fluorescent  dye  that 
allows  tracking  of  the  polymer  via  optical  imaging.  Controlled  synthesis  of  the  polymer  is  achieved  via 
reversible  addition  fragmentation  chain  transfer  polymerisation  of  polyethylene  glycol  monomethyl 
methacrylate,  with  ethylene  glycol  dimethacrylate  as  the  branching  agent.  Incorporation  of  20  mol%  of  an 
hydrazide- methacrylate  monomer  allows  post-ligation  of  a  model  drug,  fluorene-2-carboxaldehyde, 
through  a  hydrolytically-degradable  hydrazone  linkage.  The  rate  of  degradation  of  this  particular  linker 
was  enhanced  at  endosomal  pH  (pH  =  5.5)  where  ~95%  of  the  model  drug  was  released  in  4  hours  com¬ 
pared  to  less  than  5%  released  over  the  same  period  at  physiological  pH.  The  theranostic  showed  high 
uptake  into  prostate  cancer  cells  expressing  prostate-specific  membrane  antigen,  while  minimal  uptake 
was  observed  in  PC3  cells  negative  for  PSMA,  highlighting  the  enhanced  efficacy  of  the  targeting  ligand. 


Introduction 

The  concept  of  theranostics  -  combining  therapeutics  and 
diagnostics  -  has  gained  great  interest  in  recent  years  particu¬ 
larly  in  the  area  of  cancer  research.  While  the  field  is  still  in  its 
infancy,  significant  research  effort  is  focussed  on  developing 
theranostic  devices  capable  of  not  only  detecting  and  pinpoint¬ 
ing  disease  at  precise  locations  within  the  body,  but  also 
having  the  ability  to  deliver  a  therapeutic  agent  to  the  tumour 
tissue  directly.  The  key  to  improving  the  prognosis  of  cancer 
sufferers  lies  in  early  detection.  Specifically  in  the  case  of  pros¬ 
tate  cancer,  early-stage  disease  sufferers  have  a  5-year  progno¬ 
sis  of  nearly  100%  survival.  However,  patients  with  advanced, 
late-stage  disease  have  a  significantly  reduced  survival  rate, 
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dropping  as  low  as  30%  as  metastases  spread  through  the 
blood  stream  to  organs  such  as  bone  and  lymph  nodes. 1-6 
Theranostic  approaches  reported  in  the  literature  all  share  the 
same  basic  design:  a  targeting  moiety,  an  imaging  modality,  a 
therapeutic  payload  and  a  mechanism  to  safely  release  the 
payload  at  a  specific  location/  The  challenge  in  designing 
these  complex  systems  lies  in  the  introduction  of  multiple 
functionalities  into  a  single  particle,  requiring  complementary 
and  facile  synthetic  methods. 

It  is  well  known  that  active  targeting,  such  as  through  the 
use  of  an  antibody,  peptide  or  small  molecule  ligand,  can  sig¬ 
nificantly  enhance  the  uptake  of  a  polymeric  device  at  the 
desired  location.8-11  Prostate  Specific  Membrane  Antigen 
(PSMA)  has  been  identified  as  a  promising  target  for  prostate 
cancer.12-14  It  is  a  highly  prostate-restricted  type  II  transmem¬ 
brane  glycoprotein,  and  multiple  studies  report  that  normal 
prostate  tissue  primarily  expresses  a  splice  variant  that  doesn’t 
contain  the  transmembrane  domain  (PSM).  Furthermore, 
PSMA  expression  is  greatest  (more  than  10-fold  higher  than  in 
normal  prostate  tissues)  in  high  grade  tumours  and  metastatic 
lesions  in  the  lymph  nodes  and  bones.12,15-18  Most  impor¬ 
tantly,  several  studies  have  found  that  PSMA  is  not  present  on 
normal  vasculature. 15,19,20  Based  on  this,  PSMA  has  been 
suggested  as  a  viable  target  for  next-generation  prostate  cancer 
therapy.21’22  Several  small  molecules  have  shown  high  affinity 
for  PSMA,  including  2-phosphonomethyl  pentanedioic  acid23 
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and  the  glutamate  ureas.24  Indeed,  Murelli  et  al.25  recently 
demonstrated  the  use  of  a  small  molecule  containing  gluta¬ 
mate  urea  as  a  targeting  ligand  for  prostate  cancer.26-29  They 
also  showed  that  varying  the  C2  position  on  the  PSMA  ligand 
had  no  significant  effect  on  its  targeting  specificity,  and  thus 
could  be  used  as  a  site  for  possible  attachment  to  a  carrier 
system.  It  has  additionally  been  demonstrated  for  the  small 
molecule  ligands  that  the  carbonyl  of  the  urea  linkage  directly 
coordinates  with  the  Zn2+  on  the  PSMA  protein,  while  the 
three  carboxylic  acid  moieties  interact  with  amino  acids  at  the 
active  site  of  PSMA  leaving  the  fourth  acid  group  unbound  and 
free  for  further  modification.30’31 

Another  important  aspect  of  a  theranostic  system  is  the 
ability  to  deliver  a  specific  therapeutic  in  a  controlled  manner. 
The  challenge  lies  in  designing  a  system  that  allows  controlled 
release  of  drug  at  the  desired  location,  with  minimal  off-target 
release  that  may  compromise  healthy  tissue.  Tethering  thera¬ 
peutics  to  a  theranostic  fulfils  this  design  requirement,  while 
simultaneously  solving  another  problem  facing  current  treat¬ 
ments,  namely  that  many  chemotherapy  drugs  are  poorly 
water-soluble,  thus  limiting  their  ability  to  reach  and  be  inter¬ 
nalised  by  target  cells.32  In  addition,  a  significant  advantage  to 
covalently  linking  toxic  therapeutics  to  a  carrier  system  over 
conventional  encapsulation  approaches,  is  the  ability  to  have 
better  control  over  loading  and  release  with  higher  stability 
and  drug  loading.33,34  One  in  vivo  stimulus  that  can  trigger 
responsive  release  of  drugs  is  the  acidity  of  endosomal  com¬ 
partments  in  cells,  and  this  can  be  exploited  using  a  hydra- 
zone  linkage.  Hydrazones  respond  to  an  acidic  environment, 
but  are  superior  over  ester  linkages  in  that  they  do  not  lead  to 
localised  acidosis  upon  degradation.35-38  Thus,  a  theranostic 
device  that  enters  a  tumour  cell  via  receptor  mediated  endo- 
cytosis  can  undergo  rapid  degradation  of  acid-sensitive  lin¬ 
kages  within  the  low  pH  (5.5)  environment  of  the  endosomal 
compartment,  with  consequent  site-specific  release  of  the 
therapeutic  agent.37-40 

Imaging  plays  an  important  role  in  the  diagnosis  of  disease 
states  in  the  clinic,  and  thus  the  final  important  aspect  of  a 
theranostic  device  is  the  inclusion  of  one  or  more  imaging 
agents.  Imaging  methodologies  can  range  from  optical 
imaging  with  fluorescent  dyes,  to  clinically-relevant  methods 
such  as  Magnetic  Resonance  Imaging  (MRI)  and  Positron 
Emission  Tomography  (pet).27’28’41’42  While  optical  imaging  is 
generally  not  directly  applicable  for  use  in  the  clinic,  it  is  a 
useful  technique  for  preliminary  imaging  studies  in  vitro  and 
in  vivo  in  small  animal  models.  The  incorporation  of  an 
optical  imaging  probe  into  a  theranostic  system  allows  facile 
characterisation  of  the  behaviour  of  these  nanoparticles,  the 
specificity  and  efficiency  of  a  targeting  ligand,  as  well  as  the 
biodistribution  of  the  resulting  material.43 

Of  central  importance  to  the  development  of  theranostics  is 
the  design  of  a  suitable  carrier.  Hyperbranched  polymers  offer 
a  viable  carrier  platform  for  the  development  of  a  theranostic 
system  for  prostate  cancer.44’45  Similar  to  dendrimers,  hyper¬ 
branched  polymers  have  a  highly  branched  architecture,  but 
can  be  synthesised  by  facile  controlled  free  radical  polymeri- 
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zation  methods  and  have  simple  purification  steps.  They  have 
a  highly  branched  structure  with  low  polydispersity,  which  pro¬ 
vides  multiple  ‘arms’  for  functionalizing  with  diagnostic  and 
therapeutic  agents.  Furthermore,  through  the  use  of  macro- 
RAFT  agents,  hyperbranched  polymers  can  be  tailored  to 
include  a  high  degree  of  end-group  functionality46  that  ulti¬ 
mately  can  be  utilised  for  various  biomedical  applications 
including  imaging43  and  drug  delivery.47-50 

Here  we  describe  the  development  of  a  hyperbranched 
polymer  carrier  synthesised  via  reversible  addition  fragmenta¬ 
tion  chain  transfer  (RAFT)  polymerisation.  A  new  RAFT  agent 
is  synthesised  in  which  the  targeting  ligand  for  PSMA  is 
directly  attached  to  the  leaving  group  of  the  RAFT  agent.  Sub¬ 
sequent  polymerisation  results  in  half  of  the  hyperbranched 
polymer  end-groups  expressing  a  targeting  ligand  directed 
towards  prostate  cancer  cells.  In  addition,  separate  monomers 
containing  an  optical  imaging  dye  and  hydrazide  functionality 
were  incorporated  directly  into  the  polymerisation,  producing 
a  multimodal  theranostic  device  designed  to  target  PSMA+ 
cells,  and  with  the  capability  of  drug  delivery  through  cleavage 
of  the  hydrazone  linker  at  endosomal  pH  (Scheme  1). 


Experimental 

Materials 

Unless  otherwise  stated,  all  reagents  and  solvents  were  pur¬ 
chased  from  Sigma  Aldrich  at  the  highest  available  purity  and 
used  as  received.  All  monomers  were  passed  through  a  short 
plug  of  basic  alumina,  immediately  prior  to  use,  to  remove 
free  radical  inhibitors.  Tetrahydrofuran  and  dimethylform- 
amide  were  purified  by  a  MB-SPS800  solvent  purification  system 
prior  to  use.  Distilled  water  with  a  resistivity  of  18.2  Mf2  cm  was 
obtained  from  an  Elga  ultra-pure  water  system. 

Characterisation  methods 

All  NMR  experiments  were  undertaken  on  a  Bruker  Avance 
500  high-resolution  NMR  spectrometer.  4H  NMR  spectra  were 
collected  for  128  scans. 

SEC-MALLS  chromatographic  system  consisted  of  a  1515 
isocratic  pump  (Waters),  a  717  auto  sampler  (Waters),  Styragel 
HT  6E  and  Styragel  HT  3  columns  (Waters),  2414  differential 
refractive  index  detector  (Waters)  and  a  Dawn  Heleos  laser 
light  scattering  detector  (Wyatt).  THF  was  used  as  the  mobile 
phase  with  a  flow  rate  of  1  mL  min-1.  In  order  to  minimise 
absorption  or  scatter  from  cy5-labelled  polymers  in  the  light 
scattering  detector,  the  polymer  was  irradiated  overnight  at  the 
excitation  wavelength  of  the  dye  (640  nm)  using  a  Horiba 
Fluoromax-4  instrument  during  which  time  the  dye  was  fully 
quenched. 

In  vitro  incorporation  of  Cy5-labelled  polymers  was  analysed 
on  an  Accuri  C6  Flow  Cytometer  (BD  Bioscience,  San  Jose,  CA) 
using  the  640  nm  laser  collecting  through  the  675/25  filter. 

In  vitro  microscopy  images  were  acquired  on  a  Carl  Zeiss 
LSM  710  confocal  laser  scanning  microscope. 
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Scheme  1  The  overall  schematic  of  the  hyperbranched  polymer  theranostic,  highlighting  the  drug  delivery,  diagnostic  and  targeting  elements  in 
the  final  product.  The  polymers  were  first  synthesised  by  controlled  polymerisation  using  a  RAFT  agent  that  is  designed  to  incorporate  the  targeting 
ligand  (Step  1),  followed  by  loading  of  the  model  drug  (Step  2). 


In  vivo  optical  imaging  experiments  were  performed  on  an 
In  Vivo  MS  FX  Pro  instrument  (now  supplied  by  Bruker  Cor¬ 
poration).  Cy5  images  were  collected  with  a  640  ±  10  nm  exci¬ 
tation  and  700  nm  ±  17.5  nm  emission  filter  set  (f-stop  2.80, 
2x2  binning,  120  mm  FOV,  10  s  exposure  time).  DsRed  fluo¬ 
rescence  images  were  collected  with  a  550  ±  10  nm  excitation 
and  600  nm  ±  17.5  nm  emission  filter  set  (f-stop  2.80,  2x2 
binning,  120  mm  FOV,  20  s  exposure  time).  To  provide  ana¬ 
tomical  context,  fluorescence  images  were  co-registered  with 
an  X-ray  image  (f-stop  2.80,  0.2  mm  aluminium  filter,  120  mm 
FOV,  30  s  acquisition  time).  All  images  were  batch  exported  as 
16  bit  TIFF  images  and  image  processing  was  completed  using 
Image-J  (National  Institutes  of  Health).  Fluorescence  images 
were  false  coloured  and  overlaid  onto  X-ray  images. 

Synthesis  of  polymeric  theranostic 

Synthesis  of  protected  PSMA  small  molecule  ligand.  The 

PSMA  ligand  with  protecting  groups  on  the  carboxylic  acid 
groups  was  synthesised  in  two  steps  based  on  the  method 
described  by  Murelli  et  al .:25 

Synthesis  of  (9S,13S)-tri-tert-butyl  3,ll-dioxo-l-phenyl-2-oxa- 
4,10,12-triazapentadecane-9,13,15-tricarboxylate  -  Step  1.  Glu- 
O/Bu  (OfBu)  HCl  (5.59  g,  18.9  mmol)  and  triethylamine  (TEA) 
(8.64  mL,  61.9  mmol)  were  stirred  in  dry  DCM  (120  mL)  at 


-78  °C  (diy  ice/acetone)  for  30  minutes.  Triphosgene  (1.86  g, 
6.27  mmol)  in  DCM  (40  mL)  was  added  dropwise  via  a  dry 
degassed  syringe.  The  reaction  was  warmed  to  room  tempera¬ 
ture,  purged  with  nitrogen  and  stirred  for  30  minutes  in  an 
inert  atmosphere.  H-Lys(Z)-Of-Bu  HCl  (4.24  mg,  11.4  mmol) 
was  added,  followed  by  TEA  (1.59  mL,  11.4  mmol).  The  reac¬ 
tion  was  allowed  to  stir  overnight  in  an  inert  atmosphere  at 
room  temperature. 

The  reaction  was  diluted  with  dichloromethane  (150  mL),  and 
washed  with  water  (2  x  250  mL),  dried  over  anhydrous  MgS04 
and  evaporated  under  reduced  pressure  leaving  a  colourless  oil. 
The  oil  was  purified  by  column  chromatography  (silica  gel, 
hexane-ethyl  acetate  60 : 40)  to  yield  a  colourless  oil  (5.9  g,  83% 
yield)  (SI).  *H  NMR  (500  MHz,  DMSO-d6):  7.25-7.40  (m,  Ph),  7.20 
(t,  OOCNWCHj,  6.20-6.30  (dd,  Nf/CON/7),  4.99  (s,  PhCH2OOC), 
3.85-4.10  (m,  CH2CHNH),  2.90-3.00  (m,  NHGH2CH2),  2.10-2.30 
(m,  CH2CH2COO),  1.90-1.80  (m,  CH2CH2CH2),  1.58-1.70  (m, 
CH2Gff2CH2),  1.45-1.57  (m,  CH2CH2CH2),  1.44  (s,  fBu),  1.20-1.30 
(m,  CH2GH2CH2).  ESI-MS:  calculated  621.36,  actual  621.66. 

Synthesis  of  (Sfdi-tert-butyl  2-(3-((S)-6-amino-l-tert-butoxy-l-oxo- 
hexan-2-yl)ureido)pentanedioate  -  Step  2.  SI  (5.0  g,  8.04  mmol) 
was  dissolved  in  methanol  (20  mL)  and  added  dropwise  into  a 
vigorously  stirred  flask  containing  10%  Pd/C  (0.2  g)  which  was 
flushed  with  hydrogen  several  times  and  the  reaction  stirred 
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overnight  under  a  balloon  of  hydrogen  at  room  temperature. 
After  20  hours  no  starting  material  was  detected  by  TLC  (10% 
MeOH/DCM).  The  reaction  solution  was  filtered  through  a 
plug  of  celite  and  the  solvent  evaporated.  The  resulting  oil  was 
analysed  by  1H  NMR  to  show  complete  removal  of  the  benzyl 
protecting  group.  The  product  was  used  without  purification 
(5.5  g,  93%  yield)  (S2).  *H  NMR  (500  MHz,  DMSO-d6): 
6.20-6.40  ppm  (m,  NfJ),  3.85-4.10  (m,  CH2CHNH),  2.10-2.30 
(m,  NHCH2CH2),  1.80-1.90  (m,  CH2CH2COO),  1.60  (m, 
CH2Gff2CH2),  1.50  (m,  CH2CH2CH2),  1.48  (m,  CH2Gff2CH2), 
1.44  (s,  fBu),  1.20-1.30  (m,  CH2CH2CH2).  ESI-MS:  calculated 
487.33,  actual  487.58. 

Synthesis  of  PSMA  ligand  RAFT  agent.  (S)-4-Cyano-4-(((phe- 
nethylthio)carbonothioyl)thio)pentanoic  acid  (CPEPA)  (2.72  g, 
8.00  mmol)  was  dissolved  in  20  mL  DCM  with  pentafluorophe- 
nol  (1.55  g,  8.42  mmol),  stirring  for  30  minutes  at  0  °C. 
l-Ethyl-3-(3-dimethylaminopropyl)carbodiimide  (EDC,  1.44  g, 
9.26  mmol)  and  dimethylaminopyridine  (DMAP,  205  mg)  in 
2  mL  DCM  was  added  dropwise.  The  reaction  was  stirred  for 
2  hours  at  0  °C,  and  then  at  room  temperature  overnight. 

The  reaction  was  washed  with  acidic  water  (20  mL),  distilled 
water  (20  mL)  and  brine  (20  mL).  The  organic  phase  was  dried 
with  anhydrous  MgS04  and  the  solvent  removed  by  rotary 
evaporator  to  yield  a  yellow  liquid.  The  product  was  purified  by 
column  chromatography  using  ethyl  acetate  as  eluent,  with  the 
product  eluting  as  the  first  fraction  (S3). 

PSMA  ligand  (S2)  (965  mg,  1.98  mmol)  was  dissolved  in 
10  mL  DMF.  TEA  (216  mg,  1.98  mmol)  was  slowly  added,  and 
the  reaction  stirred  for  10  minutes.  Then  CPEPA-PFP  (1  g, 
1.98  mmol)  was  dissolved  in  2  mL  DMF  and  added  dropwise 
to  the  PSMA  ligand  solution  and  stirred  at  room  temperature 
overnight. 

The  product  was  purified  by  column  chromatography 
(hexane-ethyl  acetate  60 : 40)  with  the  product  eluting  as  the 
first  fraction  (1.15  g,  72%  yield).  'H  NMR  (500  MHz,  DMSO-d6): 
7.9  ppm  (t,  CONH),  7.2-7.4  ppm  (m,  Ph),  6.20-6.40  ppm  (m, 
NH),  3.85-4.10  (m,  CH2GHNH),  3.7  ppm  (CHCHS),  3.0  ppm  (m, 
PhCH),  2.9  ppm  (m,  NHCH),  2.10-2.40  (m,  SCCH2CH2), 
1.80-1.90  (m,  CH2GH2COO),  1.60  (m,  CH2CH2CH2),  1.50  (m, 
CH2GH2CH2),  1.48  (m,  CH2CH2CH2),  1.44  (s,  fBu),  1.20-1.30  (m, 
CH2GH2CH2).  ESI-MS:  calculated  808.36,  actual  808.67. 

Synthesis  of  Cy-5  methaciylamide  monomer.  Methacrylic 
acid  (1.25  mL,  14.7  mmol),  pentafluorophenol  (2.85  g, 
15  mmol)  and  DMAP  (98.9  mg,  0.8  mmol)  were  dissolved  in 
DCM  (2  mL)  on  ice.  The  mixture  was  stirred  for  30  minutes. 
EDC  (2.56  g,  16.2  mmol)  in  DCM  (1  mL)  was  added  dropwise 
to  the  reaction,  and  stirred  over  ice  for  a  further  2  hours.  The 
reaction  was  then  warmed  to  room  temperature  and  stirred 
overnight. 

The  reaction  was  washed  with  10%  HCl  (2  x  50  mL),  dis¬ 
tilled  water  (2  x  50  mL)  and  NaHC03  (2  x  50  mL).  The  organic 
phase  was  collected  and  dried  with  anhydrous  MgS04  and  con¬ 
centrated  on  a  rotary  evaporator. 

Cy5  amine  (5  mg,  7.65  x  10-3  mmol)  was  dissolved  in  DMF 
(1  mL)  and  TEA  (0.8  mg,  7.65  x  io-3  mmol)  was  slowly  added. 
The  solution  was  stirred  for  10  minutes.  Methacrylic  acid-PFP 
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(2.12  mg,  8.41  x  io-3  mmol)  in  DMF  (500  p.L)  was  added  drop- 
wise  and  stirred  overnight  at  room  temperature. 

The  monomer  was  purified  by  column  chromatography 
(10%  MeOH  in  DCM),  with  the  monomer  eluting  as  the 
second  fraction  (5  mg,  95%  yield).  ESI-MS:  calculated  649.45, 
actual  649.76. 

Synthesis  and  purification  for  PSMA-targeted  hyperbranched 
polymers.  All  monomers  were  filtered  through  activated  alu¬ 
minium  oxide  before  use  to  remove  radical  inhibitors.  Poly¬ 
ethyleneglycol  monomethylether  methacrylate  (PEGMA,  avg 
Mn  475)  (463  pL,  1.05  mmol),  Boc-protected  hydrazide  metha¬ 
crylate  (TBMC)  (53  mg,  2.63  x  10_1  mmol),  ethylene  glycol 
dimethacrylate  (EGDMA)  (24.8  pi,  1.32  x  io-1  mmol),  azobis 
(isobutyronitrile)  (AIBN)  (4.3  mg,  2.63  x  10-2  mmol),  PSMA 
ligand  RAFT  agent  (106.4  mg,  1.32  x  10”1  mmol), 
Cy5  methacrylamide  dye  (2.5  mg,  8.85  x  io-3  mmol)  and 
900  pL  diy  tetrahydrofuran  (THF)  were  placed  in  a  4  mL  vial 
equipped  with  a  magnetic  stirrer  bar.  The  vial  was  sealed  with 
a  silicon  septum  and  reinforced  with  a  cable  tie,  and  the  reac¬ 
tion  mixture  was  flushed  with  argon  gas  for  30  minutes.  The 
vial  was  placed  in  an  oil  bath  and  stirred  at  72  °C  for  24  hours. 
At  the  completion  of  the  reaction,  the  polymer  was  precipitated 
dropwise  into  an  excess  of  n-hexane  three  times  to  purify. 
Once  the  polymer  had  fully  settled  on  the  bottom  of  the 
beaker,  the  solvent  was  decanted  from  the  top.  The  polymer 
was  then  dissolved  in  Milli  Q  water,  and  dialysed  for  48  hours 
in  a  3.5  kDa  molecular  weight  cut-off  pleated  snakeslcin 
tubing.  Following  the  dialysis,  the  polymer  was  freeze  dried  for 
24  hours  and  was  labelled  HBP02.  *H  NMR  (500  MHz,  DMSO- 
d6)  <5:  0.5-2.00  ppm  (m,  CH2,  CH3),  1.44  pm  (s,  fBu), 
3.25-3.75  ppm  (m,  CH2CH20),  4.02  ppm  (s,  COOCH2  PEGMA, 
COOCH2  EGDMA),  4.18  ppm  (m,  CH2CHNH),  6.25  ppm  (m, 
NH),  7.10-7.45  ppm  (m,  Ph),  7.85  ppm,  (s,  NHCO). 

HBP01  and  HBP03  were  synthesised  as  above,  with  the  fol¬ 
lowing  modifications.  HBP01  was  synthesised  using  CPEPA 
RAFT  agent  (16.5  mg,  4.38  x  io-2  mmol)  and  was  used  as  the 
untargeted  control  polymer.  HBP03  was  synthesised  with  an 
increased  concentration  of  PSMA  ligand  RAFT  agent 
(141.2  mg,  1.74  x  io-1  mmol),  EGDMA  (33.1  pL,  1.74  x  10_1 
mmol)  and  AIBN  (5.8  mg,  3.51  x  io-2  mmol)  to  provide  an 
increased  number  of  end-groups. 

Formation  of  hydrazone  bond  with  model  drug 

HBP-02  (100  mg,  3.33  x  io-3  mmol)  was  dissolved  in  10%  tri- 
fluoroacetic  acid  (TFA)  in  DCM  (1  mL)  and  stirred  overnight  at 
room  temperature.  The  polymer  was  precipitated  into  hexane 
three  times  to  purify,  followed  by  dialysis  first  in  10  mM  NaCl 
solution,  then  pure  water  for  24  hours  to  remove  any  residual 
TFA.  The  polymer  was  dried  on  a  freeze  dryer  for  24  hours  and 
labelled  HBP-02A. 

The  model  drug  chosen  for  this  study  was  fluorene-2-car- 
boxaldehyde.  HBP-01A  (80  mg,  5.71  x  io-3  mmol)  and  fluor- 
ene-2-carboxaldehyde  (29  mg,  1.48  x  io-1  mmol)  was  dissolved 
in  10  mL  anhydrous  MeOH  with  a  drop  of  glacial  acetic  acid. 
The  reaction  was  stirred  under  reflux  at  70  °C  overnight.  At  the 
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completion  of  the  reaction,  the  excess  unreacted  fluorene-2- 
carboxaldehyde  was  removed  by  precipitating  the  polymer  into 
an  excess  of  n-hexane  three  times.  The  solvent  was  decanted 
off  and  the  polymer  dried  in  a  vacuum  oven  at  35  °C  for 
24  hours.  The  incorporation  of  fluorene-2-carboxaldehyde  was 
characterised  by  NMR  and  UV-Vis  spectroscopy.  The  resultant 
polymer  was  labelled  HBP-02B. 

In  vitro  analysis  of  targeting  efficiency  of  glutamate-urea 
labelled  theranostic 

Studies  were  undertaken  to  quantify  the  targeting  efficiency  of 
the  glutamate-urea  functionalised  polymers.  Two  human  pros¬ 
tate  cancer  cell  lines,  PC3-PIP  (PSMA-positive)  and  PC3-FLU 
(PSMA-negative),  were  received  from  Dr  Warren  Heston.51  Both 
cell  lines  were  seeded  into  6  well  plates,  0.25  million  cells  per 
well.  The  cells  were  incubated  overnight  with  RPMI  (Life 
Technologies,  Mulgrave,  Vic,  Aust)  containing  10%  fetal  bovine 
serum  (FBS;  Moregate,  Brisbane,  Aust).  The  targeted  and  non- 
targeted  polymers  were  made  to  5  pM  in  complete  medium 
(RPMI  +  10%  FBS). 

For  uptake  studies,  the  incubation  medium  was  removed 
and  1  mL  of  polymer-containing  medium  was  added  to  the 
appropriate  well,  and  incubated  with  cells  for  30  minutes.  Fol¬ 
lowing  this  the  polymer  solution  was  removed,  the  cells 
washed  with  RPMI  twice.  Cells  were  detached  from  the  wells 
using  tiypsin-EDTA,  which  were  transferred  to  Eppendorf 
tubes  with  1  drop  of  FBS.  After  centrifugation,  cell  pellets  were 
resuspended  in  200  pL  of  PBS  for  FACS  analysis. 

For  confocal  microscopy,  cells  were  seeded  into  a  24  well 
plate  on  coverslips  and  incubated  with  polymer  solutions 
(20  pM  in  complete  medium).  Following  incubation,  the  cells 
were  washed  twice  with  PBS,  then  cells  fixed  in  4%  paraformal¬ 
dehyde  (PFA)  solution  (0.5  mL)  for  10  minutes.  The  PFA  was 
then  removed  and  the  cells  washed  twice  with  PBS.  Nuclei 
were  stained  by  incubation  of  fixed  cells  with  Hoechst  Dye 
(33342;  Invitrogen)  (10  mg  mL-1  diluted  1 :  5000  in  PBA)  for 
10  minutes.  After  washing  twice  with  PBS  to  remove  free 
polymer,  coverslips  were  mounted  onto  glass  microscope 
slides  for  examination  under  a  confocal  microscope. 

In  vivo  analysis  of  targeting  efficiency  of  glutamate-urea 
labelled  theranostic 

All  studies  were  in  accordance  with  guidelines  of  the  Animal 
Ethics  Committee  of  The  University  of  Queensland  (UQ),  and 
Australian  Code  for  the  Care  and  Use  of  Animals  for  Scientific 
Purposes.  Studies  were  undertaken  to  quantify  the  targeting 
efficiency  of  the  glutamate-urea  labelled  polymer  in  vivo.  Nu/ 
nu  mice  were  implanted  with  both  PSMA  positive  and  negative 
cell  lines  on  opposite  flanks.  Each  mouse  was  injected  sub¬ 
cutaneously  with  2  x  io6  PC3-PIP  cells  (left  flank)  and  2  x  io6 
PC3-FLU  (right  flank).  The  imaging  experiments  were  per¬ 
formed  8  days  after  tumour  cell  injections.  HBP-03A  (targeted) 
and  HBP-01  (control)  were  diluted  in  PBS  to  20  mg  ml/1 . 
100  pL  of  HBP-03A  and  HBP-01  were  injected  via  the  tail  vein 
into  Mouse  1  and  2,  respectively.  Fluorescence  and  XRay 
images  were  acquired  using  an  In  Vivo  MS  FX  Pro  imaging 


Paper 

station.  Mice  were  anaesthetised  with  2%  isoflurane  during  all 
procedures. 

In  vitro  analysis  of  drug  release  at  physiological  pH 

Standards  of  fluorene-2-carboxaldehyde  were  measured  at 
seven  concentrations,  and  plotted  as  concentration  vs.  fluo¬ 
rescence  intensity.  The  emission  and  excitation  were  330  nm 
and  410  nm  respectively.  The  entrance  and  exit  slit  widths 
were  set  to  4  nm.  Experiments  for  determining  the  kinetics  of 
degradation  of  the  hydrazone  bond  were  carried  out  on  a 
Horiba  Fluoromax-4.  Measurements  were  taken  every 
3  minutes  for  8  hours.  The  cuvettes  were  fitted  with  a  stirrer 
bar  and  were  stirred  during  all  measurements. 

Results  and  discussion 

Synthesis  of  polymeric  theranostic 

In  order  to  produce  the  final  theranostic  material  for  targeting 
prostate  cancer,  it  was  first  necessary  to  synthesise  a  novel 
RAFT  agent  containing  the  targeting  ligand  for  PSMA,  as  well 
as  a  polymerisable  optical  dye  based  on  Cy5-methacrylamide. 

The  RAFT  agent  was  developed  by  first  synthesising  the 
small  molecule  targeting  ligand  for  PSMA.  As  shown  in  Fig.  1, 
a  lys-glu  peptide  was  synthesised  with  protection  of  both  the 
free  amine  and  acid  group  of  lysine  and  the  acid  groups  on  the 
glutamic  acid.  In  the  second  step,  the  benzyl  protecting  group 
was  selectively  removed  from  the  lysine  and  subsequently 
reacted  with  the  carboxylic  acid  functional  group  of  the  RAFT 
agent  that  had  been  previously  activated  with  pentafluorophe- 
nol  (S3).  This  activated-ester  efficiently  reacted  with  the  amine 
group  of  the  targeting  ligand  molecule  (Fig.  1),  to  yield  the 
required  RAFT  agent.  The  targeted  RAFT  agent  was  readily  pur¬ 
ified  using  column  chromatography  in  high  yield,  demonstrat¬ 
ing  a  facile  synthetic  route  to  a  targeting  agent  that  can  be 
polymerised  directly  into  the  theranostic  device.  This  approach 
is  advantageous  as  it  removes  the  necessity  for  post-modifi¬ 
cation  of  the  polymer  with  targeting  ligand,  with  good  control 
over  the  number  and  density  of  ligand  on  the  polymeric 
nanoparticle. 

The  synthesis  of  a  monomeric  Cy-5  methacrylamide 
occurred  via  amide-formation  through  reaction  of  pentafluoro- 
phenol-activated  methacrylic  acid  and  amine-functional  Cy-5. 
The  product  was  formed  in  high  yield.  4H  NMR  and  mass  spec¬ 
troscopy  analysis  (MW  649.8  Da)  confirmed  the  presence  of  a 
single  methacrylamide  species  with  no  unreacted  Cy-5  amine 
remaining  in  the  solution  (ESI  Fig.  S5f).  The  hyperbranched 
polymers  were  synthesised  by  RAFT  polymerisation,  with  the 
addition  of  a  bifunctional  vinyl  monomer  at  low  concentration 
(8  mol%)  to  form  branching  points  in  the  macromolecule.44’52 
The  synthetic  yield  of  these  polymers  was  high,  with  typical 
monomer  conversions  in  the  range  of  97-99%.  The  resultant 
hyperbranched  polymers  are  unimolecular  with  well-defined 
end-groups  and  the  molecular  structure  was  characterised  by 
:H  NMR  (Fig.  2,  HBP03A)  and  SEC-MALLS.  Each  polymer  is 
comprised  of  multiple  ‘arms’,  terminated  by  the  RAFT  end- 
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Fig.  1  The  synthetic  scheme  leading  to  the  final  PSMA-targeting  RAFT  agent.  Mass  spectroscopy  confirms  a  single  molecular  weight  species  at 
831  Da  [M  +  Na]+.  (1H  NMR,  Fig.  S4,  ESIf). 


ppm 

Fig.  2  Representative  1H  NMR  spectra  of  hyperbranched  polymer:  HBP03A.  The  diagnostic  resonances  for  molecular  weight  characterisation  have 
been  highlighted. 


groups.  By  comparing  the  1H  NMR  signals  of  the  RAFT  end- 
groups  and  the  polymeric  repeat  unit  signals  the  molecular 
weight  of  each  arm  could  be  calculated.  The  resonance  of  the 
benzyl  group  on  the  RAFT  agent  (Fig.  2,  resonance  a,  7.3  ppm) 
and  the  methylene  group  adjacent  to  the  carbonyl  groups  on 
the  PEGMA  repeat  units  (Fig.  2,  resonance  pi,  4.1  ppm)  were 
used  to  estimate  the  molecular  weight  of  arms.  Additionally, 
the  resonance  of  the  methyl  groups  of  the  t-butyl  protecting 
group  on  both  the  TMBC  repeat  units  and  the  targeting  group 
on  the  RAFT  agent  (Fig.  2,  resonance  (hl,n,o,p),  1.4  ppm)  were 
used  to  approximate  the  number  of  TBMC  units  in  each  arm. 
The  integrations  of  these  peaks  showed  a  ratio  of  1:14:  4.5, 


RAFT-PEGMA-TMBC,  from  which  it  was  determined  that  for 
this  particular  polymer,  each  arm  had  a  molecular  weight  of 
approximately  8.5  kDa,  with  22  mol%  TMBC  incorporation. 

The  absolute  molecular  weight  of  the  polymers  was 
measured  by  SEC-MALLS.  Lrom  the  ratio  of  Mn  (SEC-MALLS)  to 
Mn  (NMR),  the  number  of  chains  within  each  hyperbranched 
polymer  particle  was  determined.  The  physical  properties  of  the 
hyperbranched  polymers  synthesised  in  this  study  are  summar¬ 
ised  in  Table  1,  where  three  different  polymers  were  synthesised 
with  varying  comonomer  concentrations. 

The  rationale  for  attaching  the  targeting  ligand  through  the 
R  group  of  the  RAPT  agent  was  to  both  decrease  the  variability 
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Table  1  Summary  of  physical  and  chemical  properties  of  the  control  and  PSMA-targeted  hyperbranched  polymers 


Monomer 

conversion 

(£>m) 

SEC-MALLS 

Mn 

*H  nmr 

#  End 
groups 

#  Branch 
points 

Dh 

#Cy5 

dyes 

Experimental 

TBMC-PEGMA 

HBP  01 

98% 

39  kDa  (1.6) 

12  kDa 

3.5 

2.5 

5.1  nm 

0.1 

19  :  81 

HBP  02 

99% 

35  kDa  (1.4) 

15  kDa 

2.3 

1.3 

6.2  nm 

0.1 

22:78 

HBP  03 

98% 

39  kDa  (1.7) 

8.5  kDa 

4.6 

3.6 

5.5  nm 

0.1 

22:78 

in  the  number  of  targeting  ligands  present  on  each  polymer 
particle  (since  post-modification  is  typically  lower  yielding), 
and  to  increase  the  amount  of  targeting  ligands  that  could  be 
attached  compared  to  standard  post-polymerisation  methods. 
A  further  advantage  of  this  method  is  that  the  number  of  tar¬ 
geting  ligands  is  then  able  to  be  tuned  by  varying  the  concen¬ 
trations  of  RAFT  agent,  branching  agent  and  initiator  to 
monomer.53  With  this  in  mind,  HBP02  was  synthesised  with  a 
ratio  of  monomer-RAFT-brancher-AIBN  100  :  5  :  5  : 1,  which 
resulted  in  a  lightly  branched  polymer  having  2-3  randomly 
coupled  chains.  The  feed  ratio  of  monomers  in  FIBP03  was 
modified  to  100  : 10  : 10  :  2,  and  resulted  in  a  polymer  with 
approximately  half  the  arm  molecular  weight  of  HBP02, 
increasing  the  number  of  targeting  ligands  to  4-5.  Thus,  the 
control  over  the  chemistry  imparted  by  the  RAFT  agent  allows 
for  investigation  into  the  efficiency  of  targeting  by  increasing 
the  number  of  targeting  ligands  present  on  the  particle.  The 
incorporation  of  the  monomeric  dye  into  the  polymer  was 
characterised  by  UV-Vis  spectroscopy  where  the  molar  extinc¬ 
tion  coefficient  of  Cy5  was  used  to  estimate  the  number  of  dye 
molecules  per  polymer.  Typically,  one  in  every  sixteen  polymer 
particles  contained  a  Cy5  molecule  for  both  the  PSMA-targeted 
and  control  polymers.  This  was  approximately  50%  less  than 
expected  based  on  feed  ratios,  and  is  most  likely  due  to 
different  reactivity  of  the  dye-methacrylamide  as  compared  to 
the  other  monomer.  Nonetheless,  the  amount  of  dye  incorpor¬ 
ated  into  each  polymer  was  sufficient  for  all  in  vitro  and  in  vivo 
analyses. 

Removal  of  the  t-butyl  protecting  groups  on  F1BP02  and 
HBP03  was  quantitatively  achieved  through  reaction  with  TFA. 
Importantly,  UV-Vis  analysis  showed  that  the  deprotection 
reaction  did  not  have  a  significant  effect  on  the  Cy5  moieties 
on  the  polymer  (83%  of  the  dye  groups  remained). 

In  vitro  analysis  of  targeting  efficiency  of  glutamate-urea 
labelled  theranostic 

Previous  studies  have  shown  that  small  molecules  based  on 
the  glutamate  ureas  can  successfully  target  PSMA. 2,1  27  It  is 
also  known  that  this  targeting  agent  can  be  readily  attached  to 
a  carrier  system  with  minimal  loss  in  targeting  efficiency.  In 
this  study,  the  hyperbranched  polymers  were  functionalised 
with  the  glutamate  urea  by  incorporation  into  the  RAFT  agent. 
This  resulted  in  polymers  with  a  defined  number  of  targeting 
ligand  end-groups,  HBP02Awith  2.3  and  HBP03Awith  4.6  (here, 
the  A  postscript  refers  to  polymers  with  active  targeting  ligand 
attached).  Additionally,  a  control  hyperbranched  polymer  was 
synthesised  having  no  glutamate  urea  functionality.  It  was 


expected  that  the  glutamate  urea  functionalised  polymers  would 
show  specific  uptake  into  the  PSMA-positive  cells  (PC3-PIP), 
whereas  there  would  be  minimal  uptake  of  the  control  polymer 
through  a  receptor-mediated  mechanism.13’14’20,27-29  It  was 
further  expected  that  the  PSMA-negative  cell  line  (PC3-FLU) 
would  likewise  show  minimal  uptake  of  any  of  the  polymer 
samples.  To  validate  this  hypothesis,  the  PSMA-targeted  poly¬ 
mers  (HBP02A  and  HBP03A),  control  polymer  (HBP01),  and  an 
additional  control  (HBP03;  glutamate  urea  functionalised  with 
the  protecting  groups  intact)  were  incubated  with  PC3-PIP  and 
PC3-FLU  cells.  Cells  were  incubated  for  30  minutes  with  one  of 
the  4  different  polymer  solutions,  each  at  a  concentration  of 
5  pM  for  flow  cytometry  and  20  pM  for  confocal  microscopy. 

Flow  cytometric  analysis  showed  significant  and  specific 
uptake  of  the  glutamate  urea  targeted  polymers,  but  not 
control  polymers  by  the  PSMA+  cells.  In  addition,  all  samples 
showed  minimal  uptake  into  PSMA-  cells  (Fig.  3).  Confocal 
microscopic  images  confirmed  these  observations,  with  the 
glutamate  urea  targeted  polymer  showing  significant  uptake 
into  the  PSMA+  PC3-PIP  cells,  with  fluorescence  detected 
through  the  Cy5  channel  (650  nm),  but  no  Cy5  fluorescence 
observed  in  any  other  samples  (Fig.  3,  1A-D). 

The  combined  confocal  and  flow  cytometry  data  suggest  that 
the  hyperbranched  polymers  functionalised  with  a  PSMA  target¬ 
ing  ligand  using  the  RAFT  approach,  show  selectively  enhanced 
uptake  into  cells  that  positively  express  PSMA,  making  them 
good  candidates  for  further  theranostic  development. 

In  vivo  analysis  of  targeting  efficiency  of  glutamate-urea 
labelled  theranostic 

Based  on  the  success  of  the  in  vitro  targeting  studies,  a  prelimi¬ 
nary  investigation  of  the  efficiency  of  the  glutamate  urea-conju¬ 
gated  polymers  was  undertaken  in  vivo  in  nude  mice  carrying 
PC3-PIP  (PSMA+)  and  PC3-FLU  (PSMA-)  tumours  on  opposite 
flanks.  To  aid  in  visualisation,  both  tumour  cell  lines  were 
transfected  to  express  dsRed.  Mouse  1  was  intravenously 
injected  with  HBP-03A  (targeted  experiment),  and  Mouse  2 
with  the  control  (HBP-01).  Fluorescence  images  were  taken  of 
both  mice  at  4  and  24  hours  post-injection.  After  4  hours,  sig¬ 
nificant  signal  is  observed  at  the  PSMA+  tumour  site  (Mouse 
1),  correlating  with  the  position  of  the  tumour  through  co¬ 
registration  of  the  signal  arising  from  dsRed.  Conversely,  no 
Cy5  signal  is  observed  at  the  location  of  the  PSMA-  tumour, 
confirming  specificity  of  the  glutamate-urea  ligand  for  PSMA. 
While  the  results  suggest  receptor-mediated  uptake  of 
HBP-03A  into  PC3-PIP  cells  in  vivo,  Cy5  signal  could  also  be 
detected  in  the  kidneys,  the  expected  excretion  route  for  nano- 
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Fig.  3  1.  Confocal  microsope  images  showing  uptake  of  Cy5-labelled  (red)  polymers  following  incubation  of  (A)  HBP01  (control)  with  PC3-PIP 
cells,  (B)  HBP03A  (targeted)  with  PC3-PIP  cells,  (C)  HBP01  (control)  with  PC3-FLU  cells  and  (D)  HBP03A  (targeted)  with  PC3-FLU  cells.  The  cell 
nuclei  (stained  with  Hoechst  33342;  blue)  show  the  position  of  the  cells.  The  scale  bar  represents  50  pm.  2.  FACS  plots  show  Cy5  fluorescence  for 
PC3-PIP  and  PC3-FLU  cells  incubated  with  medium  alone,  HBP01,  HBP03,  HBP02A  or  HBP03A  for  30  mins.  3.  %Cy5  positive  cells  from  FACS  data 
showing  significant  uptake  of  targeted  samples  by  PC3-PIP  cells  only.  Additional  confocal  microscope  images  Fig.  S8,  ESI.f 


materials  of  this  size.  After  24  hours,  significant  signal  was 
still  detected  in  the  PSMA+  tumour  in  Mouse  1,  indicating  that 
the  theranostic  was  still  localised  within  the  tumour  tissue.  In 
contrast,  the  images  of  Mouse  2  obtained  4  and  24  hours  post¬ 
injection  show  that  no  Cy5  signal  is  observed  within  the 
animal  (Fig.  S9,  ESIf)  indicating  rapid  excretion.  This  suggests 
that  the  theranostic  is  cleared  within  4  hours  if  it  does  not 
interact  with  cellular  proteins  via  the  glutamate  urea  moiety. 

Ex  vivo  analyses  (24  hours)  confirms  that  the  glutamate 
urea  targeted  polymer  was  internalised  by  PSMA+  tumours  in 
Mouse  1.  It  is  interesting  to  note  that  the  signal  is  primarily 
observed  around  the  periphery  of  the  tumour,  with  no  signal 
appearing  from  the  centre  of  the  tumour,  which  may  be  attri¬ 
buted  to  poor  vascularisation,  and  possibly  necrosis,  in  the 
inner  regions  of  the  tumour  mass.54,55  Furthermore,  a  small 
amount  of  Cy5  signal  was  also  detected  on  the  PSMA- 
tumour.  This  accumulation  could  be  attributed  to  the 
enhanced  permeability  and  retention  (EPR)56  effect  where 
leaky  blood  vessels  around  the  tumour  lead  to  accumulation  of 
a  small  amount  of  the  circulating  polymer  in  the  tumour 
tissue.  While  the  kidneys  still  show  the  presence  of  some 
polymer  when  the  organs  are  excised,  all  other  organs  and  the 
blood  show  minimal  fluorescence  signal  confirming  that  if 
polymer  is  not  taken  up  by  tumour  cells  it  is  cleared  via  the 
renal  system.  Interestingly,  Mouse  2  shows  the  presence  of  a 
small  amount  of  signal  in  the  liver  when  the  organs  are 
excised,  but  not  in  any  other  organs  in  the  animal.  This  con¬ 
firms  that  the  majority  of  the  polymer  has  been  cleared  from 
the  animal  with  a  small  amount  sequestered  into  the  liver 
most  likely  through  phagocytosis  (Fig.  S9,  KSIt).  After  fluo¬ 


rescence  images  had  been  acquired,  flow  cytometric  analysis 
of  excised  tumours,  liver  and  kidneys  was  performed  to  further 
validate  the  imaging  data  (Fig.  4C).  This  showed  that  36.4%  of 
cells  in  the  PSMA+  tumour  from  Mouse  1  had  taken  up  the  tar¬ 
geted  polymer.  In  contrast,  uptake  in  the  PSMA-  tumour  was 
less  than  10%. 

In  vitro  analysis  of  drug  release  at  physiological  pH 

Following  validation  of  the  targeting  efficiency  of  the  gluta¬ 
mate  urea  small  molecule  targeting  ligand,  the  next  step  was 
to  investigate  the  drug  delivery  aspect  of  the  theranostic.  The 
polymer  HBP03  was  chosen  for  this  investigation  as  it  has  the 
highest  number  of  targeting  ligands  and  showed  good  target¬ 
ing  to  prostate  cancer  cells.  The  removal  of  the  Boc-  protecting 
group  to  yield  the  hydrazide-containing  monomer  unit 
(TBMC)  and  subsequent  attachment  of  the  model  drug  fluor- 
ene-2-carboxaldehyde  was  characterised  by  1 H  NMR  (HBP03B; 
Fig.  S10,  ESIt).  Quantitative  removal  of  the  protecting  groups 
was  confirmed  by  complete  removal  of  the  /-butyl  peak  in  the 
NMR  spectrum  at  1.4  ppm  following  the  reaction. 

Subsequent  formation  of  the  hydrazone  bond  through  reac¬ 
tion  of  hydrazide  with  an  aldehyde  group  on  the  model  drug 
occurred  in  65%  yield.  For  HBP03B,  a  total  of  three  fluorene-2- 
carboxaldehyde  groups  were  incorporated  into  each  polymer 
particle  as  confirmed  by  4H  NMR.  UV-Vis  analysis  was  also 
used  for  secondary  validation  and  also  suggested  that  approxi¬ 
mately  three  fluorene-2-carboxaldehyde  units  were  incorpor¬ 
ated  into  each  polymer  (calculated  extinction  coefficient  of 
3.32  x  io4  cm-1  M_1  at  330  nm).  A  possible  explanation  for  the 
lower  than  expected  yield  of  hydrazone  formation  could  be 
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Fig.  4  Nu/nu  mouse  (Mouse  1)  with  subcutaneous  PSMA+  and  PSMA- 
tumours  on  contralateral  flanks.  (A)  Fluorescence  image  four  hours  and 
24  hours  post  injection  with  HBP-03A  (targeted).  The  images  show  suc¬ 
cessful  uptake  of  the  targeted  polymer  into  the  PSMA+  tumour  cells.  (B) 
The  excised  organs  of  the  same  mouse  after  24  hours  confirming  the 
presence  of  the  polymer  in  the  PSMA+  tumour  site  and  (C)  flow  cyto¬ 
metric  analysis  of  Cy5  positive  cells  in  excised  organs.  (B:  blood,  H: 
heart,  Lu:  lungs,  Li:  liver,  K:  kidneys,  S:  spleen,  G:  gut). 


attributed  to  hydrolysis  of  some  of  the  TBMC  repeat  units  into 
methaciylic  acid  during  the  TFA  deprotection  step,  thereby 
limiting  the  number  of  hydrazide  groups  available  for  conju¬ 
gation.  Nonetheless,  a  yield  of  65%  for  conjugation  of  model 
drug  was  sufficient  for  analysis  of  the  degradation  kinetics. 


Fig.  5  The  release  profile  of  the  model  drug  fluorene-2-carboxalde- 
hyde  from  the  hyperbranched  polymer  system.  The  curve  in  blue  shows 
the  release  of  the  drug  in  pH  5.5. 


The  degradation  of  the  hydrazone  bond  in  this  particular 
system  was  readily  quantified  by  fluorescence  spectroscopy,  as 
the  fluorescent  signal  of  the  model  drug  is  quenched  when  the 
molecule  is  bound  to  the  polymer  through  the  hydrazone 
linkage  due  to  intramolecular  photoinduced  electron  trans¬ 
fer.57  Upon  hydrolysis,  the  model  drug  is  released  and  shows  a 
marked  increase  in  fluorescence  intensity.  This  increase  in 
intensity  was  recorded  over  a  4  hour  period,  and  following  cali¬ 
bration  with  known  standards  of  the  model  drug,  the  fluo¬ 
rescence  intensity  could  be  expressed  as  concentration  of  the 
free  molecule  in  solution.  This  could  be  further  compared  to 
the  total  known  concentration  originally  present  in  the  sample 
to  yield  a  quantitative  profile  of  hydrazone  bond  degradation 
over  time.  This  is  depicted  in  Fig.  5.  The  experiment  was  con¬ 
ducted  at  pH  7.4  (serum  pH)  and  at  pH  5.5  (endosomal  pH)  to 
compare  the  release  in  these  two  biologically  relevant  environ¬ 
ments.  Over  a  4  hour  period,  approximately  90%  of  the  bound 
model  drug  is  released  in  a  controlled  manner.  Importantly, 
this  release  falls  within  an  acceptable  therapeutic  timeframe 
based  on  the  imaging  results  shown  in  Fig.  4.  It  can  also  be 
seen  that  under  conditions  that  mimic  the  pH  of  blood  (pH 
7.4),  minimal  release  of  the  model  drug  is  observed  (<5%) 
indicating  remarkable  stability  of  the  system  at  this  pH.  It  can 
therefore  be  concluded  that  this  is  a  viable  system  for  con¬ 
trolled  release  of  a  chemotherapeutic. 


Conclusions 

In  this  report  we  have  demonstrated  the  synthesis  of  a  thera- 
nostic  hyperbranched  polymer  for  prostate  cancer.  The  hyper¬ 
branched  polymers  were  constructed  through  facile  synthetic 
methods  utilising  RAFT  polymerisation.  Targeting  of  the  par¬ 
ticles  was  achieved  through  the  use  of  a  glutamate-urea  based 
small  molecule  targeting  ligand,  which  was  attached  to  the 
R-group  of  the  RAFT  agent  prior  to  polymerisation.  In  vitro  cell 
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assays  with  PSMA+  and  PSMA-  cells  showed  that  the  small 
molecule  targeting  ligand  had  high  specificity  for  PSMA+  cells, 
with  minimal  uptake  observed  for  control  polymers  that 
exhibit  no  targeting  towards  PSMA.  There  was  also  minimal 
uptake  of  any  polymer  in  PSMA-  cells.  In  vivo  experiments  in 
mice  further  confirmed  the  specificity  of  the  targeting  ligand 
for  PSMA,  with  the  targeted  polymer  showing  four  times 
higher  uptake  in  tumours  that  overexpressed  PSMA  than  those 
that  don’t  express  the  protein. 

In  order  to  demonstrate  applicability  of  this  system  as  a 
theranostic,  a  model  drug  was  attached  to  the  polymer 
through  the  use  of  a  hydrolytically-degradable  hydrazone 
linkage.  The  rationale  was  that  this  linkage  could  be  cleaved  at 
acidic  pH,  such  as  that  within  the  endosome,  while  remaining 
stable  at  a  physiological  pH.  In  vitro  experiments  showed  90% 
release  of  the  model  drug  in  an  acidic  (pH  5.5)  environment 
over  4  hours,  which  covers  a  therapeutically  relevant  time- 
frame.  Over  the  same  timeframe  at  physiological  pH  7.4,  the 
polymers  demonstrated  significant  stability,  with  less  than  5% 
release.  This  synthetic  approach  shows  promise  as  a  thera¬ 
nostic  platform  for  treating  prostate  cancer. 
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Multimodal  hyperbranched  polymers  targeting  Prostate  Specific  Membrane  Antigen  (PSMA) 
for  imaging  of  prostate  cancer 
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Objective 

Hyperbranched  polymers  (HBPs)  are  an  emerging  class  of  biocompatible  material  that  have  shown 
some  promise  in  cancer  imaging  and  therapy.  Their  multiple  arms  allow  for  conjugation  with  several 
specific  functionalities.  This  project  compared  the  ability  of  HBPs  conjugated  with  three  different 
ligands  to  image  prostate  cancer  (PCa)  in  a  preclinical  setting  through  binding  to  the  extracellular 
domain  of  prostate  specific  membrane  antigen  (PSMA). 

Methods 

HBPs  were  synthesised,  conjugated  with  the  fluorophore  Cy5  and  with  one  of  three  PSMA-targeting 
ligands;  1)  a  peptide  (HBP-pep)  [1],  2)  J591  antibody  (HBP-J591)  or  3)  urea  glutamate  (HBP-UG). 
Flow  cytometry  and  confocal  microscopy  were  used  in  vitro  to  assess  PSMA-mediated 
internalisation  of  HBPs  by  PCa  cell  lines  with  different  PSMA  expression  levels.  In  vivo,  BALB/c 
nude  mice  bearing  subcutaneous  PC3-PIP  (PSMA+)  and  PC3-FLU  (PSMA-)  PCa  tumours  on 
opposite  flanks  were  injected  intravenously  with  the  most  promising  PSMA-targeting  HBP;  uptake 
was  assessed  by  fluorescence  imaging. 

Results 

HBP-peptide  and  HBP-J591  were  internalised  into  PC3-PIP  cells  but  not  PC3-FLU  cells  in  a  dose- 
dependent  and  time-dependent  manner.  No  PSMA-mediated  internalisation  by  HBP-UG  or  HBP- 
control  was  evident.  These  trends  were  confirmed  in  other  PCa  cell  lines;  LNCaP  and  C42B  (both 
PSMA+)  and  DU145  (PSMA-).  Intravenous  injection  of  HBP-peptide  resulted  in  high  accumulation 
of  Cy5  signal  in  the  subcutaneous  PC3-PIP  tumours  but  not  PC3-FLU  tumours  (n=5). 

Conclusions 


HBP-peptide  and  HBP-J591  could  detect  PCa  cells  via  PSMA  in  a  preclinical  setting.  These  agents 
have  potential  to  enhance  PCa  detection  and  localization,  improving  patient  management. 

1.  Huang  etal.  (2014).  Prostate .74:702-7 13 
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TARGETING  KLK4  TO  INHIBIT  PROSTATE  CANCER  EPITHELIAL  TO  MESENCHYMAL 
TRANSITION  (EMT)  AND  HOMING  TO  BONE 

B.  Tsc.  MC.  Yeh,  C.  Stephens,  J.  Felber,  R.  Fuhrmann-Luck,  T.  Kryza,  J.  Lai,  PJ.  Russell,  J.  Clements 

Australian  Prostate  Cancer  Research  Centre-Queensland  and  Institute  of  Health  and  Biomedical  Innovation, 
QUT,  Brisbane,  Queensland,  Australia 

Objective:  Kallikrein-related  peptidase  4  (KLK4)  is  a  rational  therapeutic  target  for  prostate  cancer  (PCa)  as  it 
is  up-regulated  in  both  localised  and  bone  metastatic  tissue,  and  has  been  reported  to  increase  PCa  cell 
proliferation,  induce  epithelial-to-mesenchymal  (EMT)-like  changes,  and  could  have  a  role  in  PCa  homing  to 
bone.  We  hypothesise  that  silencing  of  KLK4  expression  specifically  in  PCa  cells  using  siRNA  constructs 
conjugated  to  nanoparticles  targeted  to  prostate  specific  membrane  antigen  (PSMA)  may  inhibit  PCa  growth  and 
EMT,  and  limit  metastasis  to  bony  sites. 

Methods: 

PC3/PIP  (PSMA+)  and  C42B  PCa  cells  were  transfected  with  expression  constructs  for  full  length  KLK4  or 
empty  vector.  The  effect  of  KLK4  on  the  invasive  potential  of  transfectants  was  investigated  by  3D  matrigel 
growth  assays.  Expression  of  markers  associated  with  EMT  was  assessed  by  qRT-PCR. 

Data  and  Results: 

Preliminary  data  suggests  that  over-expression  of  KLK4  moderately  alters  the  morphology  of  PC3/PIP  cells  but 
not  C42B  cells  when  grown  on  matrigel.  No  significant  changes  in  expression  of  EMT  markers  were  observed. 

Conclusions: 


KLK4  over-expression  may  have  an  effect  on  the  in  vitro  growth  characteristics  of  PC3/PIP  cells  but  the  effect 
on  EMT  in  this  system  is  not  clear.  siRNA  studies  are  currently  underway. 


